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A B S . T R A C T 
The invention of the first laser in 1960 has been 
followed by a successive series of shorter-wavelength 
lasers. The shortest wavelength coherent radiation 
realized so far is about 4.5 nano-m, in the x-ray region. 
After developing the excimer, free electron, and soft x-
ray lasers, scientists have now become interested in 
producing coherent gamnia-rays. This has been considered 
to be one of the two dozen most important problems in 
physics and astrophysics today (Physics Today, May 1990, 
p.9). The key to developing a gamma-ray laser lies in an 
interdisciplinary approach and involves the knowledge of 
various branches of physics and engineering. 
The thesis basically consists of two parts. Chapters 
2 to 6 summarize the current work on the development and 
applications of the x-ray and gamma-ray lasers. Chapters 
7 and 8 deal with our original work on the interaction of 
charges and dipoles with gamma-ray lasers. 
In chapter 2 we first briefly review the steps taken 
for the development of soft x-ray lasers. We then discuss 
the ideas for the further development of shorter-
wavelength x-ray emission. At the end of this chapter, we 
mention a few proposed applications of x-ray lasers. 
In chapters 3, 4, and 5 we concentrate on the 
development of gamma-ray lasers. At present their 
feasibilities are predicted either through nuclear 
transitions (Chapters 3 and 4) or through electron and 
positron beams (Chapter 5). It is a general feeling, that 
atomic transitions may not lead to the generation of 
cohoront radialiono in gammn-ray region, and nuclear 
transitions seem more promising. 
Chapter 3 deals with the basic features of gamma-ray 
lasers based on nuclear transitions. Section 3.1 
discusses their essential requirements, viz. the inversion 
density and cross-section for stimulated emission, and 
bandwidths of the involved energy levels. In section 3.2 
we discuss the different transition possibilities and 
systematically explain the problems appearing with the 
nuclear transitions. 
In chapter 4, we review all major proposals given by 
different authors for developing a gamma-ray laser based 
on nuclear transitions. First we briefly discuss the 
possible approaches for achieving population inversion in 
a nuclear excited state. At present, the two-step pumping 
mechanism seems to be the best, which is presented in 
section 4.1. In the first of these steps, the population 
is to be stored in an isomeric state. The second step is 
to transfer this stored population to another level that 
can lead to lasing. This step can be performed either 
through optical pumping or through the electronic 
excitations, which are discussed in sections 4.2 and 4.3, 
respectively. In section 4.4, we review the steps for the 
search of appropriate material suitable for gamma-ray 
lasing. It is expected that for developing such a device 
one has to first isolate sufficiently pure isomeric nuclei 
of the appropriate candidate. Section 4.5 deals with the 
nuclear isomer separation problems. It also lists the up-
to-date experiments performed by different groups. After 
discussing the population inversion in an upper laser 
level in sections 4.1 to 4.5, the nuclear superradiance is 
discussed in section 4.6. This process is supposed to be 
a viable lasing process in the case of gamma-ray lasers. 
Chapter 5 reviews the gamma-ray laser proposals based 
either on electron or electron and positron beams. In 
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analogy to the development of free electron lasers, 
section 5.1 deals with the possibility of coherent gamma-
rays through an inverse Corapton effect in an interfering 
geometry of two laser beams. Section 5.2 reviews the 
proposals given on the basis of electron and positron 
beams, viz. the induced annihilation of para-positronium 
atoms and the relativistic electron-positron gamma-ray 
laser. At the end of this chapter, in section 5.3, we 
mention few other ideas based on electron beams. 
It is a human propensity to speculate the possible 
applications of an under-developed instrument. Similarly, 
in the case of gamma-ray lasers, people have started to 
foresee the possible applications. Chapter 6 gives a 
comprehensive collection of their applications in science 
and industry. 
Chapter 7 deals with the problem of interaction of an 
electron with a gamma-ray laser beam. Although it is a 
model calculation of the problem, it yields very 
interesting results. Subsection 7.2.1 classically reviews 
the charge particle dynamics in the electromagnetic field 
of a plane wave. Under the dipole approximation, the 
radiation field generated by the laser may be treated as a 
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plane wave if its wavelength is larger than the charge 
particle mean free path. Subsection 7.2.2 describes, 
quantum mechanically, the behaviour of an atomic electron 
inside the laser field. It also describes the 
experimental investigations of this behaviour. In 
sections 7.3 and 7.4 we present a model calculation of our 
own for the interaction of an electron with a gamma-ray 
laser beam. Our results indicate interesting physics in 
the form of either reflection or transmission or trapping 
of the electron for large times. However, our approach is 
based on a model calculation and the complete solution to 
the problem requires the introduction of some other 
effects. As discussed in section 7.5, the conclusion part 
of this chapter, our results are not expected to be washed 
out in a more realistic calculation. 
In chapter 8, we present a short generalized 
treatment for the interaction of an electric dipole with a 
plane electromagnetic wave gamma-ray laser beam of a 
finite diameter. It is found that the dipole may either 
be unaffected or can rotate without affecting its 
translational motion or may rotate with either accelerated 
or decelerated motion. 
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Chapter 1 
INTRODDCTION 
In the last thirty years, since their invention, 
lasers have become conunon-place in our society. These 
devices, producing highly directional light of a single 
wavelength, are important on their own and also as 
critical components of various systems. Lasers made up of 
different materials can be as small as a pinhead (coupled 
with integrated optics) and as large as a football field 
(the free electron laser). Their development has been 
characterized by a successive series of shorter-wavelength 
lasers. At the present state-of-the-art, lasers can emit 
coherent light from far infrared radiations to soft x-
rays. At the shortest wavelength, scientists of 
Rutherford Appleton Laboratory, UK, and of Osaka 
University, Japan, have demonstrated x-ray lasing action 
at 4.5 nano-m. 
After developing the excimer lasers in VUV region, 
the free electron lasers (having the scope for much 
shorter-wavelength radiations), and soft x-ray lasers 
although still at a premature stage -- one of the dreams 
of laser physicists is now the development of gamma-ray 
lasers. First visualized in 1962, these have been 
considered to be one of the two dozen most important 
problems in physics and astrophysics today (Ginzburg, 
1990). 
Like microwaves and x-rays, gamma-rays differ from 
the visible photons in their wavelength, possessing 
wavelengths shorter than 0.05 nano-m. According to the 
Einstein's formula, the probabilities of spontaneous (A) 
and stimulated (B) emissions at wavelength (A ) are conn-
ected through: 
A/B = 87Th// 3. 
This shows, that for shorter wavelengths, spontaneous 
emission becomes a strong competitor to stimulated 
emission. It has been shown that, in principle, amplifi-
cation by stimulated emission can be obtained upto all 
wavelengths, larger than 1 pico-m. 
This thesis basically consists of two parts. 
Chapters 2 to 6 summarize the current work on the 
development and applications of the x-ray and gamma-ray 
lasers. Chapters 7 and 8 deal with our original work on 
the interaction of charges and dipoles with gamma-ray 
lasers. 
In chapter 2 we first briefly review the steps taken 
for the development of soft x-ray lasers. We then discuss 
the ideas for the further development of shorter-
wavelength x-ray emission. At the end of this chapter, we 
mention a few proposed applications of x-ray lasers. 
In chapters 3, 4, and 5 we concentrate on the 
development of gamma-ray lasers. At present their 
feasibilities are predicted either through nuclear 
transitions (Chapters 3 and 4) or through electron and 
positron beams (Chapter 5). It is a general feeling, that 
atomic transitions may not lead to the generation of 
coherent radiations in gamma-ray region, and nuclear 
transitions seem more promising. 
Chapter 3 deals with the basic features of gamma-ray 
lasers based on nuclear transitions. Section 3.1 
discusses their essential requirements, viz. the inversion 
density and cross-section for stimulated emission, and 
bandwidths of the involved energy levels. In section 3.2 
we discuss the different transition possibilities and 
systematically explain the problems appearing with the 
nuclear transitions. 
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In chapter 4, we review all major proposals given by 
different authors for developing a gamma-ray laser based 
on nuclear transitions. First we briefly discuss the 
possible approaches for achieving population inversion in 
a nuclear excited state. At present, the two-step pumping 
mechanism seems to be the best, which is presented in 
section 4.1. In the first of these steps, the population 
is to be stored in an isomeric state. The second step is 
to transfer this stored population to another level that 
can lead to lasing. This step can be performed either 
through optical pumping or through the electronic 
excitations, which are discussed in sections 4.2 and 4.3, 
respectively. In section 4.4, we review the steps for the 
search of appropriate material suitable for gamma-ray 
lasing. It is expected that for developing such a device 
one has to first isolate sufficiently pure isomeric nuclei 
of the appropriate candidate. Section 4.5 deals with the 
nuclear isomer separation problems. It also lists the up-
to-date experiments performed by different groups. After 
discussing the population inversion in an upper laser 
level in sections 4.1 to 4.5, the nuclear superradiance is 
discussed in section 4.6. This process is supposed to be 
a viable lasing process in the case of gamma-ray lasers. 
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Chapter 5 reviews the geunma-ray laser proposals based 
either on electron or electron and positron beams. In 
analogy to the development of free electron lasers, 
section 5.1 deals with the possibility of coherent gamma-
rays through an inverse Compton effect in an interfering 
geometry of two laser beams. Section 5.2 reviews the 
proposals given on the basis of electron and positron 
beams, viz. the induced annihilation of para-positronium 
atoms and the relativistic electron-positron gamma-ray 
laser. At the end of this chapter, in section 5.3, we 
mention few other ideas based on electron beams. 
It is a human propensity to speculate the possible 
applications of an under-developed instrument. Similarly, 
in the case of gamma-ray lasers, people have started to 
foresee the possible applications. Chapter 6 gives a 
comprehensive collection of their applications in science 
and industry. 
Chapter 7 deals with the problem of interaction of an 
electron with a gamma-ray laser beam. Although it is a 
model calculation of the problem, it yields very 
interesting results. Subsection 7.2.1 classically reviews 
the charge particle dynamics in the electromagnetic field 
of a plane wave. Under the dipole approximation, the 
radiation field generated by the laser may be treated as a 
plane wave if its wavelength is larger than the charge 
particle mean free path. Subsection 7.2.2 describes, 
quantum mechanically, the behaviour of an atomic electron 
inside the laser field. It also describes the 
experimental investigations of this behaviour. In 
sections 7.3 and 7.4 we present a model calculation of our 
own for the interaction of aji electron with a gamma-ray 
laser beam. Our results indicate interesting physics in 
the form of either reflection or transmission or trapping 
of the electron for large times. However, our approach is 
based on a model calculation and the complete solution to 
the problem requires the introduction of some other 
effects. As discussed in section 7.5, the conclusion part 
of this chapter, our results are not expected to be washed 
out in a more realistic calculation. 
In chapter 8, we present a short generalized 
treatment for the interaction of an electric dipole with a 
plane electromagnetic wave gamma-ray laser beam of a 
finite diameter. It is found that the dipole may either 
be unaffected or can rotate without affecting its 
translational motion or may rotate with either accelerated 
or decelerated motion. 
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Chapter 2 
Y-RAY LASERS 
Nearly a quarter of a century after the appearance of 
the first laser, x-ray lasers have now entered the 
scientific scene -- although still at a premature stage. 
At present they can produce coherent soft x-rays of about 
4.5 nano-m (Key et al., 1990 and 1989 and New Scientist, 
1988). The developers of these new lasers are now engaged 
in generating even shorter-wavelength coherent x-rays. 
The amplification of soft x-radiations occurs in 
optical transitions in highly ionized atoms, produced by 
the interaction of powerful laser pulses with a solid 
target. The excited levels of ions are populated either 
by collisional pumping or by recombination pumping 
mechanisms (Elton, 1990, Jaegle, 1989, Klisnick, 1988, 
and see Applied Physics B issues of March and April 1990). 
The major results of x-ray laser experiments performed at 
different laboratories are as follows: 
(1) A team of scientists belonging to Rutherford Appleton 
Laboratory, U.K., and Osaka University, Japan, have 
demonstrated a record x-ray laser wavelength at 4.533 
nano-m in Mg^ -^ "*" ions (Key et al., 1990 and 1989 and New 
Scientist, 1988). 
(2) MacGowan et al. (1987) have realized gain at 5 nano-m 
wavelength in thirty-seven-electron-stripped Ni-like-Yb 
ions and at 6.6 nano-m wavelength in thirty-three-
electron-stripped Eu ions. 
(3) In Li-like-Si ions, Xu et al. (Messenger, 1990) have 
demonstrated x-ray lasing action at 7.464 nano-m. 
(4) In Ne-like-Se ions, scientists have found x-ray lasing 
at about 10 nano-m with an output power of 5 - 10 mega-
Watts in a pulse of about 0.1 nano-aec (Matthews and 
Rosen, 1988). 
(5) In 1981, U.S. scientists reported gain at 1.2 nano-m 
with thermonuclear pumping mechanisms (Robinson, 1981). 
Also, researchers working for the Strategic Defence 
Initiative project may have realized shorter-wavelength 
laser emission but their results remain secret. 
In addition to the above demonstrations, theoretical 
proposals, in analogy to free electron lasers based upon 
optical wigglers, suggest coherent x-ray yield at 0.5 
nano-m (Dobiasch et al., 1983). It has also been 
suggested that future developments including the use of 
particle accelerators for excitations of muonic atoms, 
l u 
charge-annihilation and other novel techniques may be used 
for population inversion for the development of even 
shorter-wavelength lasers (Glass, 1986). 
X-ray lasers can generate highly directional beams 
with extreme brightness or intensity. These are, for 
example, 10 times brighter than electron synchrotron x-
ray sources. Such devices may therefore have a large 
number of applications. Coherent soft x-rays might be 
useful in high resolution microscopy for creating three 
dimensional holograms. Further, X-ray lasers operating 
between 2.3 - 4.5 nano-m wavelength (water-window, the 
region in which x-rays can pass through water but are 
absorbed by carbon based materials) may serve as an in 
vitro diagnostic tool for living biological specimens at 
sulichromosome level. Such samples can not be seen with 
optical methods. Among other applications, the intense 
soft x-ray laser beams may be used to produce and 
investigate plasmas of high densities and temperatures 
(Elton, 1990, Suckewer and Skinner, 1990, and Matthews and 
Rosen, 1988). Such experiments can not be conducted by 
present optical lasers. X-ray lasers are also expected to 
function as tools in studies of atomic and molecular 
physics, physico-chemical properties, and roughness of 
li 
surfaces (Jaegle, 1989 and 1987). They may also have an 
impact in nano-lithography for future development of 
micro-electronic chips, integrated optical devices, micro-
diffraction gratings, resonators for new lasers, etc. 
(Jaegle, 1989 and Key, 1990, 1985). Moreover, the use of 
x-ray lasers in defence can not be ignored (Hecht, 1987). 
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ChaB.tflr-3 
BASIC FEATORES OF NUCLEAR GAMMA-RAY LASERS 
In this chapter we classify approaches and discuss 
the problems confronting the developers of gamma-ray 
lasers (Baldwin, 1986a, 1982, Baldwin et al., 1981, Balko 
et al., 1988a, 1988b, Dyer and Baldwin, 1987, Gupta and 
Husain, unpublished, and Husain and Gupta, 1990) that 
might use nuclear transitions in the 5 - 100 KeV region 
(10"^ cm < A < 2.0 X 10"^ cm, the ultrashort wavelength 
band). 
3.1 Essential Requirements 
3.1.1 Inversion Density euad Gross-Section for Stimulated 
Emission 
For amplification of radiation by stimulated 
emission from an upper state to a lower state the photons 
must be added by transitions between the two levels into a 
limited number of modes of the radiation field more 
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rapidly then they are removed. The inversion density, n , 
the excess of the upper to lower level population 
densities, is: 
n* = ng - (g2/8i)-^i-
Here ni, gi and n2, 82 are the population densities and 
degeneracy factors for the lower and upper levels 
respectively. For lasing action the ratio of n to n (the 
total atom density) must exceed the ratio of cross-section 
for non-resonant photon removal a*^ , to the resonant 
radiation-induced transition cross-section, <r^ . or, 
n* ^ (a-g/ (rs).n . ..(1). 
In a non-plasma normal matter the photons are non-
resonantly removed by photoelectric absorption and by 
Compton scattering. In gamma-ray region of interest to us 
the photoelectric process is dominant for which the cross-
section varies as: 
(Ta = CZ"* • ^  A "^  . . . ( 2 ) 
where the constant C depends upon the material. Z is the 
atomic number and /^  is the wavelength of electromagnetic 
radiation. The resonant photon removal cross-section is 
expressed as: 
(Ts = iA^/2TT).{Vj,/r) ...(3). 
r^ and r are the radiative and total linewidths of the 
energy level, respectively. Thus from equations (1), (2) 
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and (3), for a normal matter, the threshold inversion 
density is proportional to the wavelength of 
electromagnetic radiation. Hence for shorter wavelengths 
in normal matter, a smaller excess of upper level 
population density is needed. But in gamma-ray region, 
the problem whether the required excess to the upper level 
can be produced without converting the medium to a plasma, 
remains to be resolved. In a plasma for the gamma-ray 
region the other non-resonant photon removal process, viz. 
the Compton scattering, becomes important and therefore 
_ can not be represented by equation (2). 
3.1.2 Bandwidths 
In equation (3) the ratio of radiative width to the 
total linewidth is called "line-broadening factor" and the 
o 
other term, (/^ '^ /270. is known as "area factor". This area 
factor exceeds cr^ by lO'* in ultrashort wavelength region 
(Baldwin et al., 1981). Therefore, from equation (1), the 
gain equation, the line-broadening factor is crucial. 
This factor attains the maximum value of unity only when 
the transition is purely radiative and to a ground state. 
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In general the transition also involves non-
radiative as well as the inhomogeneous processes. The 
total linewidth can be taken as the sum of the intrinsic 
widths of the two energy levels,. widths due to their 
finite lifetimes, and any additional broadening associated 
with random displacements of the transition energy by 
locally varying fields or temperature. Thus, 
r = ^ -^  "^ -^  Tn\^orr^o 
where T2 and Tj^  are the lifetimes of the upper and lower 
energy levels, respectively. In the absence of inhomo-
geneous broadening the radiative width T^  is given as: 
r^  = b Tg.d +ocy'i-
where b is the fraction of all decays from a given level 
that terminate on a second given level and oC is the 
ratio of the probabilities of non-radiative and radiative 
processes. 
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Thus in order to satisfy the gain condition, 
equation (1), the radiative width ly must be an appre-
ciable fraction of the total linewi dth r . Inhomogeneous 
broadening should therefore be slight and the non-
radiative transitions, viz. Auger effect in atomic and 
internal conversion in nuclear transitions, must not 
dominate the transitions, i.e., o( must be small. 
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3.2 TransH^ion Possibilities 
We can see from equations (1), (2), and (3) that for 
ultra short wavelengths the threshold inversion density, 
n*, needs a smaller (about 0.1%) excess of excited state 
population. Since the excited state lifetimes usually 
tend to decrease as transition energies increase, the 
power demand on the pump presents a serious problem. 
In ultrashort wavelength region the atomic 
radiations originate in E2 transitions of single 
electrons. The lifetimes of excited atomic levels are in 
femto-sec or less. It has been suggested (Baldwin, 1982) 
that if a plasma is pumped with fast neutrons with 
lifetimes of the order of pico-sec then it might 
accumulate inverted populations capable of lasing and, for 
such short-lived states, the inhomogeneous broadening 
becomes comparable with normal broadening. Thus for 
gamma-ray lasers, in order to fulfill the gain condition, 
it is doubtful that inversion can be accumulated in such 
short-lived atomic excited states. 
Although nuclear transitions require equally high 
energy density for inversion, they do not necessarily 
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demand high power density, since the lifetimes of 
radiatively decaying nuclear isomer states can be many 
orders of magnitude longer than those of atomic states. 
The nuclear gamma-ray transitions involve more 
complex physics, not present in the larger wavelength 
conventional laser systems (Lipkin, 1987). In normal 
optical laser transitions, the size of the photon-
radiating system (R), the distance between two 
neighboring radiators (D), and the amplitude of 
radiator's thermal oscillatic?ns (x) are related as: 
X << R »^  D << ^ 
while for nuclear gamma-ray transitions the relation is 
R << X >^  /\ << D. 
In both cases R << / implies the validity of long 
wavelength approximation and multipole expansion. But for 
nuclear transitions D >> / and x^A causes phase 
incoherence in the emitted radiations. 
The energy of optical radiation (E^) is much less 
than atomic ionization energies (Ej), while the energy of 
nuclear gamma-rays (Ey) is much greater than Ej: 
EQ << EJ << E ^  . 
Z2 
In op-tical lasers, the photon, emitted from a given 
set of upper and lower laser levels of an atom has the 
right properties to induce lasing action in another 
neighboring atom. But the radiation omitted in a nuclear 
transition between two energy levels does not have the 
right frequency to trigger the same transition between the 
two laser levels in another nucleus. This is because, 
unlike the atomic transitions, the recoil energy becomes 
more crucial in gamma-ray case. Luckily, the difficulty 
is overcome through the Mossbauer effect in which the 
transient atom is bound in a crystal and the recoil energy 
is imparted to the whole crystal with a negligible energy 
loss in recoil. This reduces the limitations imposed by 
inhomogeneous broadening. However, the Mossbauer effect 
depends upon the photon energy and the crystal 
temperature. Moreover it requires active isomer nuclei in 
a solid host well below its melting point. 
The nuclear line-broadening factor (the ratio of the 
radiative line-width to the total line-width) can be many 
orders of magnitude smaller than for the atomic case. 
Thus appreciable line shifts which destroy laser action 
can be produced in nuclear transitions by small effects, 
viz. the Doppler shift, small differences in external 
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fields acting on different atoms, etc. Such effects are 
completely negligible in atomic transitions. 
Normally, the dominant mechanism for atomic 
transitions between an upper and lower energy level is the 
photon emission. Most of the nuclear transitions do not 
take place by photon emission, but rather through the 
ejection of an atomic electron (internal conversion), 
Moreover, the dominant photon absorption mechanism is due 
to the electrons which recoil in continuum and can not 
induce the desired nuclear transitions for a gamma-ray 
laser. This loss may however be eliminated by the 
exploitation of Borrmann effect in the single solid 
crystal. This effect, in analogy of Bragg reflections, 
enhances the relative probability of photon emission 
(Baldwin, 1986b, 1986c, Trammel et al., 1986, and Hutton 
et al., 1987, 1986). 
The lower states of transition in polarized non-zero 
magnetic moment nuclei can remove the resonant absorption 
while the excited states of such nuclei can help in 
separating the excited and unexcited nuclei. 
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The power required to invert transitions having 
lifetimes in the Mossbauer range is high enough (although 
it is less than would be needed for pumping atomic 
transitions) to cause noise -- temperature rise and 
lattice damage that can destroy the physical conditions 
required for the Mossbauer and Borrmann effects. Thus in 
order to develop a workable gamma-ray laser, ways must be 
devised to either (1) non-destructively pump a Mossbauer 
transition, or (2) eliminate, or at least greatly reduce, 
all of the various line-broadening effects that prevent 
Mossbauer emission from long-lived transitions. 
Most proposals for gamma-ray lasers have avoided a 
resonator and ensure the beam formation by making the 
active medium in needle-shaped form. However, it is, of 
course, acknowledged that the coherence of the spontaneous 
radiation would not be as high, nor would the excitation 
be used as efficiently, as with a resonator. 
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Chapter-4 
PRnpnRAr.R FOR PUMPIHG RADIATIONS 
The use of nuclear transitions for generating 
stimulated emission in ultrashort wavelength region has 
been proposed nearly 28 years ago (Baldwin, 1962 and Vali 
and Vali, 1962). Here we will briefly discuss the 
proposals given for pumping the population to a suitable 
Mossbauer energy level. In practice, the pumping 
radiation must be intense (to provide an adequate 
concentration of active isomers), efficient (so that a 
negligible part of pumping radiations be expended in 
heating), and specific (so that the host may not bo 
polluted). 
Figs. 1, 2, and 3 show the possible approaches to the 
development of gamma-ray lasers based on nuclear 
transitions. In the first approach, shown in Fig. 1,. the 
isomeric level itself is explored to be an upper laser 
level. The activation, separation, concentration and 
crystallisation of isomeric nuclei needs a time longer 
than 10 ^ sec. But the Mossbauer effect is generally 
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L 
:Gr 
Fig. (br) Gamma-ray laser approach in a nuclide taking isomer level as upper laser level. Wavy 
arrows show the gamma-ray lasing transition from 
isomeric level (I) either to lower laser level 
(L) or to ground state (G). 
n 0 
observed in the nuclear levels -with lifetimes shorter than 
10"^ sec. Moreover, for short-lived isomeric states • the 
high pumping density of hard x-radiations may overheat (or 
destroy) the Mossbauer and Borrmann effects of the solid 
host crystal. On the other hand, in case of long-lived 
isomeric states, the inhomogenous broadening becomes so 
prominent that it is difficult to achieve a gain. 
However, scientists (Balko, 1988 and Balko and Nicoll, 
1968) have shown the possibility of reducing these 
inhomogeneous broadenings through either nuclear magnetic 
resonance or level mixing spectroscopy techniques 
(Coussement et al., 1988). Considerable efforts to 
observe some success in a few cases, viz. Ge, Zn, Ta, 
etc., are also going on. 
Fig. 2 exhibits another approach for transferring the 
population to a nearby level that can lase either to 
ground level or to some other lower laser level. In this 
case a low pumping power is required. Such pumping may 
either be through thermal neutrons or through the x-ray 
photons. But the production of intense thermal neutrons 
causes a delay and other geometrical losses. On the other 
hand, the x-radiation pumping causes the electrostatic and 
magnetic inhomogenous effects that inevitably broaden the 
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Fig. 3 Two-step pumping approach. Arrow (1) shows' the 
first slow step for storing the population in 
isomer level (I). Arrow (2) indicates the 
second fast pumping step. Double arrow 
represents a cascade to upper laser level (U). 
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Mossbauer line. Moreover, the non-resonant absorption of 
x-radiations may overheat the crystal to destroy the 
Mossbauer and Borrmann effects. 
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4.1 Two-St-ep Pumping 
Fig. (3) shows a two-step approach to the problem. 
According to this scheme, the population is first 
transferred to the nearby transfer level which ultimately 
cascades to another lower energy level which can lase 
either to a lower laser level or to ground level. In Fig. 
(4) the block diagram for a two-step pumping mechanism is 
illustrated. 
In this scheme the population is first stored in a 
long-lived isomeric level of an active nucleus having 
another short-lived level nearer (in energy) to this 
isomeric level. Such a storage level is implanted in the 
solid crystal, whose properties support the Mossbauer and 
Borrmann effects; then this medium is cooled. The first 
step can be performed with the help of slow excitation 
processes. The second step, to transfer the population 
from storage level to the intermediate transfer level, is 
to be performed within the lifetime of the transfer level. 
This fast step may be accomplished by transfer of resonant 
radiation through optical excitations (Baldwin, 1988, 
Cohen, 1986a, 1988b, Collins, 1988, 1987, 1986, Collins et 
al., 1989, 1982, Ho, 1988, and Winterberg, 1986) or 
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Fig . 4 Block diagram of two- s t ep pvimping mechanism. 
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through electronic excitations (Berger et al. 1988a, 
19BBb, Dyer et al., 1988, Rinker et al., 1988, 1987, and 
Solem and Biedenharn, 1988). These transfer processes 
will be discussed in detail in sections 4.2 and 4.3. 
In two-step pumping schemes the existence of the 
transfer level can not be resolved unless some special 
spectroscopic techniques are involved. Haight and Baldwin 
(1986) have suggested the possibility of exploiting broad-
band radiations to excite such a level and then to confirm 
its existence. However, this method for searching such 
transfer levels would be useful only under some very 
restrictive conditions. If such a suitable gamma-ray 
laser candidate exists then the production and separation 
of the isomer nuclei from other nuclear products have to 
be tailored. At present, it can be done at least in some 
particular cases as will be discussed in section 4.5. The 
feasibility of this scheme also depends upon the rapid and 
efficient population transfer process. 
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Two-step upconversion processes for optically pumped 
nuclear reactions can be divided into coherent and 
incoherent categories. 
The adjacent sketch (see Fig. 5) shows the schematic 
diagram for the energetically excited levels of a typical 
nucleus of interest to the development of a gamma-ray 
laser. The arrow (1) illustrates the incoherent pumping 
of the storage level through the absorption of x-rays 
(from laser plasma or an exploding wire) that are resonant 
with the energy separation between the storage level and 
the next higher level of proper symmetry. The arrow (2) 
represents coherent pumping through the non-resonant 
absorption of a photon from the radiation field in order 
to create a virtual or dressed state of excitation. 
Ultimately the gamma-ray laser output results from the 
upper laser level populated by a cascade. 
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B'ig. 5 Coherent (arrow 1) and incoherent 
optical pumping schemes. 
(arrow 1) 
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4.2.1 Coherent Pumping 
In this technique the nuclear isomeric state is 
excited to a virtual (or dressed) state with high 
intensity optical pumping (the anti-Stokes upconversion of 
conventional laser radiation, see Fig. 5) (Collins et al., 
1982). This is analogous to the dressing of atomic energy 
levels by a strong magnetic field (Collins and DePaola, 
1985). The populated virtual level decays to the laser 
level leading to the stimulated emission. The stimulated 
emission cross-section for the composite process, i.e., 
transferring the population from storage level to virtual 
level and then to decay of the virtual level to the upper 
laser level, can be given by the Breit-Wigner value as: 
where A is the wavelength of the stimulated emission. In 
order to diminish the direct transitions between the 
isomeric state to upper laser level, the natural width has 
to be preserved. 
The possibility of the temperature rising in the 
pumped dressed layer can be avoided by diluting the active 
nuclei in a low Z host, e.g., <,Be^  (Collins, 1986). It has 
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also been computed (Collins et al., 1982 and Collins 1986) 
that for a critical intensity of 5.3 x 10^ Watts per cm^ 
and a typical 10^ Hertz spurious broadening the threshold 
fluence should be 167 mill-Joules per cm*^ . This proposal 
describes a model with a laser medium of length 1.0 cm and 
a filament of diameter 0.04 cm and the requirement that 
each pump photon makes ten trips of the laser medium. 
For this, pumping threshold would be about 26 Joules in a 
pulse of duration 300 nano-sec and the output obtained 
will be 66 Joules at 10 KeV. Moreover, the laser 
threshold might be further reduced by manipulating the 
bulk ferromagnetic or ferroelectric properties of the 
material in which the nuclei are diluted. Presently, 
experiments are being performed for dressing a nuclear 
level in "^^ Fe (Sinor et al., 1989, Wagal et al., 1987, and 
Wagal and Collins, 1986) as a test case. 
4.2.2 Incoherent Pumping 
In incoherent pumping of nuclear material, the 
resonant excitation of energetic states of nuclei is 
done by the x-radiation from laser plasmas or exploding 
wires. Theoretical estimates show that a transfer level 
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decaying after 10 pico-sec through an El transition to the 
upper laser level with a 10 KeV photon will have 6.6 x 
10~^ eV bandwidth, asstaming the complete resonance between 
the pump and transfer level (Collins et al., 1982). So 
the complete fluence from the optical to the upper laser 
level can be built up for a time equal to its lifetime (1 
- 10 nano-sec). 
For an x-ray laser plasma source (radius, R, to be 
about 30 micro-m and length, L, of about 0.1 cm), the 
total population of upper laser level- can be given as 
N^ = (no-j, N^^)/(27rRL) 
where n is the number of x-ray photons produced in the 
source during the lifetime of upper laser level, N is the 
concentration of transfer level and <n, is the Breit-
Wigner cross-section for the x-ray wavelength. This model 
further suggests that a relative fraction of about 10"^ eV 
of the line energy would be used in El transitions. For 
an x-ray energy around 10 KeV, the threshold value is 10 
Joules in the x-ray line and results in a threshold 
fluence of 131 Joules per cm^ (Collins, 1986) for a 10 KeV 
output transition. However, this threshold can further be 
reduced by manipulating the properties of the material 
embedding the nuclei. 
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Ho and Pan (1988) have studied the optical excitation 
of a long-lived isomeric level to a short-lived Mossbauer 
isomeric level by means of a parametrisation approach. 
They conclude that the threshold laser intensity of about 
2.0 X 10^ watts/cm^ may invert sufficient population 
leading to the coherent generation of geimma-rays. 
The incoherent optical ptunping of isomeric nuclei 
requires a threshold energy fluence of about 100 - 300 
Joules/cm^ to be deposited in the gamma-ray laser material 
(Collins et al., 1982 and Collins, 1987). This fluence 
might produce a pressure of about 10^ Newton/cm and 
temperature of about 10"^  K. The difficulty may be 
resolved by using the electronic heat conduction under 
high pressure as proposed by Winterberg (1986). He has 
suggested that the gamma-ray laser active material be kept 
either in a static high press or in a high explosive 
pressurizing geometry (see Fig. 6). Provided the outer 
medium is of good heat conductivity and at low 
temperature, the gamma-ray laser material can be made to 
lose sufficient heat within the pumping time. 
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C 
Fig. G Rapid heat removal under high pressure. Symbols 
M represents the metallic tamp under high 
pressure and at low temperature, P represents 
externally applied pressure, and C represents 
the conical optical laser beam. 
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Recently, Baldwin (1988) has suggested that a 
superlattice geometry in which the - active material is 
doped in a single crystal host in a regular array (to 
support the Borrmann effect) may lead to recover the 
Mossbauer effect before the destruction of the crystal. 
We have proposed an alternative technique to preserve 
the Mossbauer and Borrmann effects within a single crystal 
during the second step of fast pumping (Gupta and Husain, 
unpublished). We have explored the transfer of population 
from isomeric level to a nearby transfer level through 
successive excitation of atoms by some high intensity x-
radiation pulses of much shorter widths (of few pico-sec). 
The defects in the crystal structure may be removed within 
a fraction of a nano-sec by non-thermal laser annealing 
techniques (Cullis, 1985 and van Vechtan et al., 1979). 
Cohen (1988a and 1988b) has shown the possibility of 
generating coherent gamma-rays through nuclear recoil 
transitions embedded in a gas. The Doppler-recoil breadth 
of nuclear levels can be suppressed by obtaining a macro-
sample of nuclei at rest with respect to each other. Such 
samples may be realized either by the atomic cooling 
through lasers (to velocity zero of all atoms) or through 
4 r 
accelerating the sample to a good fraction of the velocity 
of light. But this idea requires major technological 
developments in atomic cooling mechanisms or in particle 
accelerators. 
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4.3 Nuclear Excitation by Electron Trangjtlppg 
An alternate to direct photon absorption for exciting 
the nuclear isomeric storage level to the short-lived 
intermediate level is the possibility to induce the 
transfer by first exciting the atomic electrons with -high 
brightness ultraviolet lasers and then by exciting nuclei 
by exchange of virtual photons in the near field of 
electrons (Biedenharn et al., 1986a, 1986b, Berger et al., 
1988a, 1988b, Noid et al., 1987, Reiss, 1986, Rinker et 
al., 1988, 1987, Rinker, 1986, Solem, 1986, and Solem and 
Biedenharn, 1988). The free electron system, in the 
vicinity of a strong laser field, possessing large 
multipole moments and broad resonances, forms a mixed 
state with the isomeric nuclear system. The non-linear 
response of the electron cloud can supply energy, angular 
momentum, and parity to the isomeric level. This can 
excite it to a short-lived intermediate level which 
ultimately cascades to the upper laser level. Goldanskii 
and Namiot (1981) observed the excitation of ground state 
uranium nuclei to 73 eV 235mu ^^ hot plasmas as a result 
of capture of continuum electrons to outer shell in 
ionized atoms. This has also been evidenced by the 
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experiments of Saito et al. (1980) on '^^  Np and Otozai et 
al. (1973) on ^^^Os. Before extending this idea to a real 
gamma-ray laser candidate, scientists at Los Alamos 
National Laboratory, U.S.A., (Bounds et al., 1987 and Dyer 
et al., 1988) have been investigating this mechanism for 
excitation of the '^^^\] nucleus via an ultraviolet laser. 
Their preliminary experiments (Dyer et al., 1988) with 
laser intensities of about 10^^ Watts/cm^ have 
demonstrated an encouraging probability of about 10"'* of 
exciting a 235u atom. It is expected that intensities of 
17 ? 
about 10-^ ' Watts/cm*^ will be required to excite a nucleus 
with significant probability. 
g 
4 . 4 S t e p s f o r t h e Search of t h e Appropr ia te Gammfl|-]fe»y 
Laser Mediun 
The essential feature of two-step pumping mechanism 
is to transfer the population from a storage isomeric 
nuclear level to a nearby short-lived level. This 
population can then enrich an upper laser level. At 
present a major problem is to identify the proper gamma-
ray laser candidates from the different parts of the 
periodic table. Despite of some low-energy nuclear gamma-
ray source compilations (Artna-Cohen, 1988, Arthur and 
George, 1988, Arthur et al., 1988, and Martin, 1986), no 
laser grade data-base exists yet and highly precise 
experiments need to be performed for the examination of 
nuclear properties. Scientists at Los Alamos National 
Laboratory (Arthur and George, 1988 and Strottman et al., 
1986) have examined the appropriate experimental and 
theoretical data and have indicated the most fruitful mass 
regions. They have identified some pairs of the isomeric 
states (lifetimes > 5 sec) with short-lived levels within 
a specified excitation energy window of width 1 - 1 0 KeV, 
viz., Os, Te, La, Lu, Hf, etc. They have found that the 
odd-odd nuclei in rare-earth region would be a likely 
place to begin a search for appropriate gamma-ray laser 
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candidates and on the basis of their nuclear model they 
find ^^^Re as a viable candidate (Madland and Strottman, 
1988, Strottman, 1988, and Strottman et al., 1986). 
The Rochester-Stanford joint research programme (Gove 
et al., 1986) for the evaluation of gamma-ray laser 
candidates has developed a tandem Van de Graff accelerator 
for the study of high spin states in deformed nuclei on a 
recoil mass spectrometer. It is hoped that this joint 
programme will take the results from Los Alamos National 
Laboratory and evaluate the proper potential candidates. 
At Lawrence Livermore National Laboratory scientists 
are setting an experiment to detect suitable shape isomers 
whose deformed nuclear shape, different from the shape of 
the ground state, exhibits an unusual stability in light 
actinide region (Bauer et al., 1988, Henry et al., 1988, 
NTIS Report No. DE86008153, 1986, and Weiss, 1988,). In 
such isomers the dominant transition mechanism between the 
two laser levels is gamma-ray decay. 
At University of Texas at Dallas, a group working 
under the Strategic Defense Initiative Project (Collins, 
1988, 1987, Collins et al., 1989, Davanloo et al. 1987, 
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and Wagal et al., 1987) has identified a slate of twenty 
nine candidates being examined on an x-ray flash lamp 
delivering high peak powers of hard x-rays at high 
repetition rate of about 100 Hertz (Bowen et al., 1987, 
Collins et al., 1987, 1988a, and Davanloo et al., 1987, 
1986). The ultimate success of these pump schemes 
involving flash x-rays will require investigation of the 
nuclear properties of those materials that are analogous 
to the kinetics of a conventional laser medium. In some 
selected cases, this examination can also be performed in 
a little time by means of using either the laser plasmas 
or large electron beam machines producing the synchrotron 
radiations, but the economics involved do not permit for a 
large number of examinations (Collins, 1986). In 1988 and 
1 RO 1989 the pumping of Ta isomer, which is not necessarily 
a gamma-ray laser candidate, has been successfully 
demonsjtrated (Collins et al., 1990,1989, and 1988b and 
Collins, 1988). The results show a large increase (by two 
orders of magnitude) in cross-section for yielding the 
1 RD 
upper laser level of •^"'-'Ta over similar levels of other 
isomers, viz., ^^^Cd (Anderson et al., 1988), ^^^In 
(Collins et al., 1988a), and '^'''se and "^ B^r (Anderson and 
Collins, 1987a, 1987b). Such a success with ^^^Ta isomer 
may lead to significant implications for future 
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experiments for searching a real material. Very recently, 
an experiment for the excitation of ^^ -^ Te and ^"^^He 
isomers (Richmond et al., 1991 and Carroll et al., 1991) 
has also been reported. 
If storage and transfer level possibilities (as 
discussed in sections 4.1 to 4.3) are found to be 
unfeasible then practical considerations at the current 
state-of-the-art require the nuclear lifetimes, offering 
the Mossbauer effect, to be about few seconds. Recent 
experiments (Hoy and Rezaie-Serej, 1990, Hoy et al., 1990, 
and 1989, Hoy and Taylor, 1988, Hoy, 1986, Rezaie-Serej 
and Hoy, 1989, and Taylor and Hoy, 1988) exhibit a small 
probability of finding the Mossbauer effect in 40 sec and 
88 KeV first excited state of ^^^Ag. These experiments 
are based on gamma-ray self-absorption technique. 
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4.5 Isomer Separation 
From the discussion given in the previous sections, 
it is clear that for developing a nuclear gamma-ray laser 
based upon nuclear transitions one has to invert the 
ground state population to the isomeric level and to 
separate such levels from the rest of the other nuclear 
reaction products -- to get the isomeric enrichment. In 
literature, there are some laser techniques for isomer 
separation, analogous to laser isotope separation. These 
are: 
(1) Resonance ionization -- in which the ionization step 
is performed by laser beams. Dyer et al. (1985) have 
demonstrated the isomerically selective photo-
ionization of ^^ "^ ""Hg nuclei. 
(2) Optical piston -- in which the separation is done by 
exciting the isomeric atoms from the rest of the 
mixture kept in a capillary cell (Werij et al., 
1984). Dyer has suggested this technique as a model 
for atoms like Sodium (Dyer et al., 1985). 
(3) Atomic beam methods -- in which the isomeric atoms in 
a beam are first optically pumped into particular 
magnetic substates with a circularly polarized laser. 
They can then be filtered by means of a ma^^netic-
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moment analyzer (Baldwin at al., 1981). Alkhazov et 
al. (1984) have shown the resonance ionization of 
Eu by three laser beams. 
(4) Photochemistry -- in which the excited atoms 
possessing the isomeric nuclei are chemically 
separated. 
In radiochemical methods (Baldwin, 1982) the 
enrichment of isomeric nuclei, being produced in nuclear 
reactions, is achieved through Szilard-Chalmer's process, 
in which recoil energy of the nucleus is greater than the 
chemical binding of the nucleus in a compound. 
Despite of all these techniques, the optimum choice 
of any isomer enrichment process will depend on the 
properties of the actual graser material. 
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4.6 Nuclear Superradiance 
Traditionally, a laser consists of an active medium 
pumped in some manner to produce an inverted population 
between two levels, and kept between mirrors to form a 
resonant cavity. But because of the non-availability of 
good mirrors for gamma-ray region, a gamma-ray laser based 
on nuclear transitions would be a single shot, high gain 
system comprising a long crystal without mirrors (or 
without a resonant cavity). Furthermore, the large 
internal conversion coefficient in Mossbauer transitions 
rapidly depopulates the upper laser level, hence build-up 
time for the inversion density is relatively short for 
ordinary stimulated emission. Therefore, the preferred 
process is superradiance (Baldwin, 1986a, 1986b, Baldwin 
and Feld, 1986a, 1986b, Hartmann et al., 1988, and Kudenko 
and Kuzmin, 1985). It requires a short build-up time for 
inversion density and leads to the coherent deexcitation 
of upper laser level. In this process the nuclei are 
coupled together by their common radiation field. This 
collection of indistinguishable nuclei is treated as a 
collective wave function. For a two-atom system the 
superradiant state is: 
l/2{|a+> + |a->} * {|b+> + |b->> 
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where |a+>, |a-> and |b+>, |b-> are the upper and lower 
laser levels of the two atoms labeled a and b respectively 
(Eberly and Milonni, 1990). Such a superradiant state 
decays cooperatively leading to the intensity emitted by N 
2 -1 
nuclei being proportional to N"^  and pulse width to N . 
Such a state can be formed in a single crystal of low 
absorption coefficient for the outgoing radiations. 
Baldwin and Feld (1986a) have given model superradiance 
calculations for -^ -^ S^n (diluted in diamond) and for Ba 
(diluted in borazon). The output performances of their 
results are given in table 1. 
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1 1 Q 1^T 
- 1: Superradiance calculations for ^^ ''Sn and *^'*'Ba 
Assumed and | 
calculated I 
parsuneters 1 
Length of 1 
SR sample* ' 
(cm) 1 
Diameter of 
SR sample 
(cm) 
Active nuclei 
in upper 
laser level 
Peak Power 
(Mega-Watts) 
Pulse width 
(nano-sec) 
Power 
enhancement 
Nuclide 
119sn ; 
1.0 1 
8.1 X 10"^ 1 
! 7.8 X 10^2 j 
1 4.90 1 
! 1.64 1 
I 5.0 X 10^ I 
133Ba 
1.0 
1.13 X 10'^ 
5.0 X 10^3 
35.9 
0.67 
6.74 X 10^ 
SR sample: material sample containing superradiant nuclei 
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4.7 Miscellaneous Ideas 
In addition to the proposals discussed above, other 
ideas based upon giant resonances and nuclear isomers 
(Collins, 1986), nuclear single exciton states (Hannon and 
Trammell, 1990), an anomalous Mossbauer spectrum (Yukalov, 
1989), and novel nuclear levels (Photonics Spectra, 1990) 
have also been mentioned in the literature but no detailed 
work has been reported yet. 
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Chapter 5 
QiAMMA-RAY LASER FROfQSALS BASED QH SLECTBOH 
AHP FOSITROM BEAMS 
In this chapter, the proposals which do not require 
any active medium are "discussed. These are: (i) inverse 
Compton effect from interfering laser beams, (ii) induced 
decay of positronium atoms, and (iii) annihilation of 
relativistic electron and positron beams. 
5.1 Interaction between an Electron Beam and two Inter-
ferinn Laser Beamig 
In analogy with the development of free-electron 
lasers, an inverse Compton scattering of high energetic 
electrons with laser besuns may lead to the generation of 
coherent gamma-rays. This idea has already been explored 
in generating monochromatic and polarized gamma-rays 
through the scattering of a laser beam with an electron 
beam (Federici et al., 1980a, 1980b). Bertolotti and 
Sibilia (1985, 1984, 1982) have indicated the possibility 
of generation of coherent gamma-rays through the 
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interaction of a relativistic electron beam with" the 
photons in an interference geometry (see Fig. 1). In this 
geometry a relativistic electron besun crosses a periodic 
structure of interference fringes produced by two laser 
beams of nearly equal frequencies. An electron undergoes 
a scattering process with the photons and hence the 
photons are scattered in arbitrary directions. These 
photons may be backscattered along beeun 1 or 2 through an 
inverse Compton effect. If the electron energy is high 
enough to backscatter the photon along beam 2 (in the 
opposite direction) then the scattered photon gains energy 
from the relativistic electron beam. The photons 
interacting with the energetic electrons in the 
interfering region of two laser beams are scattered with a 
larger probability than the case in which the scattering 
from a single laser beam is considered (Bertolotti and 
Sibilia, 1982). As the scattering of the photons in a 
periodic interfering fringe pattern is a coherent process 
(similar to Bragg scattering), the backscattered photons 
may add in phase, so that the total intensity becomes 
proportional to N*^ , where N is the total number of fringes 
that a photon crosses. Calculations show that if the 
semiangle, 9, between two interfering CO2 laser beams of 
10.6 micro-m wavelength, is about l' , then a relativistic 
7o 
Fig. 1 Geometry for the production of coherent gamma-
rays . 
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electron beam of velocity * 0.9995c, c is the velocity of 
1 R light, can result in a scattered coherent beam of 3 x 10"^ ° 
Hz. Although, this calculation requires some refinements 
(due to energy spread of the interacting electrons and 
some other effects (Bertolotti and Sibilia, 1985, 1982)), 
it is hoped that the fundamental concept will not be 
changed. 
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B.2 Elec1^ron-Posit,ron Gninill«-R«Y Lager 
Some researchers, exploring the induced annihilation 
of particle-antiparticle bound states in positronium to 
coherently amplify gamma-radiation, have proposed a novel 
approach for developing the gamma-ray lasers. Moreover, 
there is also a proposal for generating coherent gamma-
rays through a relativistic electron-positron "superpinch" 
effect. 
5.2.1 Induced atmihilation of para-positronium atoms 
The induced decay of positronium atom by collision 
with a photon has been speculated for developing a gamma-
ray laser (Heffernan and Liboff, 1983, Loeb and Elizer, 
1986a, and NTIS Report No. ADA130035). The ground state 
of positronium atom splits into singlet (para-positronium) 
and triplet (ortho-positronium) energy levels. After 
annihilation, para-positronium decays (decay time, T Q , 
about 10 sec) into two photons of equal energy in 
opposite directions, while ortho-positronium (decay "time 
about 10 sec) into three photop^i^^L^i^f.^ijB|r|5^^ergie3. 
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For para-positronium atom annihilations the total 
cross-section for the scaterring of a photon on a 
stationary positronium atom may be expressed as: 
<r (X) = (-rr e^ 2/in2 ^ ^^^^ 
v?here x = ftco/mc^ depends on the incoming angular photon 
frequency, w. The constants m, e, c, and h are the 
electronic mass, charge, velocity of light, and Planck's 
constant, respectively and f(x) is a function in x. The 
cross-section o (x) varies as". 
<T (x) ^  1/x for X --> 0 
o- (x) ^ 1/x^ for X --> <» 
It has been shown that at inducing photon wavelength 
of about A^/2 (A^ is the Compton's wavelength), i.e., of 
about 1 pico-m, the para-po.=5itronium atom annihilates into 
two photons of same wavelength as that of the inducing 
photon (Heffernan and Liboff, 1983). At such wavelengths 
the cross-section for the scattering of an inducing photon 
with a positronium atom varies as the square of inducing 
photon's wavelength. In a dense assembly of positronium 
atoms in a black body radiation field the number of 
annihilations per second of para-positronium atoms can be 
expressed as: 
dN/dtdx = -(mc^ /fiTT) o(6(Nx2f (x)/(exp(ax) - 1)) 
where N is the total number of para-positronium atoms, 
o( the fine structure constant, and 
a = mc^/kgT 
where kg is the Boltzmann constant and T is the 
temperature of the medium. 
For a >> 1, i.e., kgT << mc , or at low plasma 
density, the number of annihilations per second can be 
given as • 
dN/dt = (-7T/6)(o< 6/a2). (mc2/fi)N 
while in the limit a << 1, i.e., kgT >> mc , it is: 
dN/dt = [-</L^/T)i mc2/fi)(|ln a|/a)N. 
Thus, for a >> 1, the spontaneous decay rate (= - N/T'Q) 
dominates over the induced annihilation whereas the limit 
kgT >> mc is important for. developing a gaonma-ray laser 
because here the induced decay dominates spontaneous 
decay. Loeb and Elizer (1986a) have mentioned the 
possibility of the production of coherent amplification of 
gamma-radiations in a dense (density 10 ° pairs per cm^) 
and cold (T < lO** °K) electron-positron plasma. Vlasov et 
al. (1989a and 1989b) have shown the possibility of gamma-
ray lasing through annihilation superemission. They have 
developed a theory for correlating all non-coherently 
annihilating para-positronium atoms due to the positron 
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polarization of the medium. Scientists at Lawrence 
Livermore National Laboratory have started experiments to 
develop a gamma-ray laser using electron and positron 
annihilation (Dietrich, 1986 and NTIS Report No. 
DE86008153, 1986). 
5.2.2 Relabivistic electron-poaltron ganuna-ray laser 
In analogy to the pinch effect, the force of 
attraction inside two counter-streaming high electric 
currents of relativistic electron and positron beams (of 
equal energy and intensity) may lead to a shrinkage of the 
electron-positron plasma diameter. In the case of 
relativistic electron-positron plasma, the annihilation 
cross-section is expressed as: 
cr^ - e^d-v^/c^) In (2(l-v2/c2))/m2c2 
where v is the relative velocity of the electron and 
positron beams, while in the non-relativistic case it is 
(TTe /m c ). Therefore, the reduced cross-section (for 
relativistic electron-positron plasma) increases the time 
required for pair annihilation (2/n(r_c; n is the number 
density of plasma) such that it becomes much larger than 
the time needed for the pinch of initial diameter, 2r, to 
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Fig. 2 Coherent gamma-rays from electron-positror 
plasma "superpinch". 
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fuse (about r mc(l - v^/c )e~ ). And hence in such plasmas 
the very high densities (of about 10^^ electron-positron 
plasma pairs per cm^) can be achieved without destroying 
the population inversion. Such high densities • are 
achieved as a result of the larger energy losses in the 
electron-positron plasma through the emission of 
synchrotron radiations than the gain by collisions between 
the relativistic particles. This effect is known as 
"superpinch" (Fig. 2). To explore this idea in a gamma-
ray laser, the reduced axial motion of the electrons and 
positrons is required. For this purpose, it has been 
shown (Winterberg, 1986a, 1986b) that for collapsing the 
two relativistic electron-positron beams of size 1 cm to 
_'7 
10 cm the electron-positron plasma would have to be 
established by the fusion of two 1.7 x 10 Amperes, 70 MeV 
electron-positron beams, which me^ y be possible by 
exploring the very large magnetic fields of about 10 
Gauss available in plasmas. 
3 
5.3 Oi^ her Ideas 
Exploiting -the large magnetic fields generated in 
laser-produced plasmas, Loeb and Elizer (1986b) show the 
possibility for constructing a plasma wiggler that may 
cause electron beams of lO^ eV range to emit coherent 
gamma-rays. 
A proposal given by Vysotskii and Kuzmin (1983a, 
1983b) shows the possibility of stimulated coherent gamma 
ray emission at wavelength about 1 nano-m by channeling a 
relativistic 50 MeV positron beam of current density about 
10 Amperes per cm through a zeolyte (asbestos fibre) 
medium. 
8^ 
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Chapter 6 
PBOPOSED APPLICATIONS OF GAMMA-RAY LASERS 
If a gamma-ray laser could be built, it would be a 
small and powerful package of energy to provide intense, 
controllable, highly directional (with extremely small 
beam divergence of about 10~° radians), high power and 
ultrashort wavelength coherent radiations. Although, the 
full range of gamma-ray laser applications can be 
predicted only after its development, it is a human 
propensity to speculate the applications on the basis of 
present understanding (Husain, unpublished and NTIS Report 
No. ADA164889, 1986). These coherent gamma-rays could 
have a revolutionary impact on most fields where gamma-
and x-rays are used. 
A gamma-ray laser proposed on the basis of nuclear 
transitions can store about 10^ Watts/liter of its active 
medium, which is about 0.01% of the total electromagnetic 
power radiated by the sun (Baldwin and Feld, 1986, 
Collins, 1986, and Hecht, 1987). This corresponds to an 
output energy of about lO-^ "^  Joules per pulse. Hence such a 
powerful device could serve as a third nuclear power. US 
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defence scientists are exploring its possibilities as an 
ideal space-based laser weapon (Hecht, 1987). The high 
momentum of gamma-ray laser photons may result in various 
astronomical applications, for example, in getting rid of 
junk in near-earth and geo-synchronous orbits, and in 
other macro-engineering projects. Similarly, these 
energetic photons may destroy large asteroids approaching 
dangerously near the earth. These photons might exert 
very strong forces and hence may be exploited in novel 
vacuum pumps, cavitation, and novel accelerators. The 
gamma-ray laser photons may be able to provide escape or 
orbital velocity to dust particles and hence may be used 
by humanity in removing the effects of nuclear winter 
which might be created after a major nuclear war (Husain 
and Naqvi, 1987). Gamma-ray lasers may possibly also have 
some significant applications in space-ship propulsion. 
Lasers have already been proposed as a tool to prpel an 
intersteller probe (Forward, 1986, Stratton, 1986, and 
Waggoner, 1990). 
Gamma-ray lasers might yield some new type of 
startling phenomena in nuclear physics and may also be 
able to have an impact on nuclear spectroscopy. It* has 
been indicated that the strong coherent Mossbauer 
8S 
radiations of such devices can classify the various 
dynamic processes taking place in molecular systems 
(Balko. 1986). Interestingly, the interaction of coherent 
gamma-rays with electrons may lead to reflections, 
transmission or trapping (Gupta et al., 1990, Gupta and 
Husain, unpublished, and chapter 7). Their interactions 
with an electric dipole may result in rotation, 
oscillation or in reflection of the dipole (Qupta and 
Husain, unpublished and chapter 8). 
Gamma-ray laser beams may be exploited in producing 
large pressures which might be used for fusion of nuclei, 
metallic hydrogen and inverse beta-decay. The excitation 
of appropriate nuclear energy levels with such coherent 
monochromatic radiation may lead to various technologies 
involved in isotope separation, mass spectrometry and 
radioisotope dating. Just like some proposals for 
developing a gamma-ray laser have explored the fusion 
processes, the gamma-ray laser may also be an efficient 
tool for plasma heating. 
Gamma-ray laser interferometry may be a powerful 
probe for the detection of gravitational waves (NTIS 
Report No. JINRR1312845). Moreover, the non-linear 
90 
effects in gamma-ray region might be useful in 
communication. The use of gamma-ray lasers may also be 
foreseen in molecular holography, provided the molecular 
structure is free from destruction by gamma-rays (Baldwin 
et al., 1981). 
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KLKCTRODYHAMICS IN A GAHMA-RAY LASER FIELD 
7.1.Introduction: 
In this chapter we discuss the behaviour of a non-
relativistic electron in the gamma-ray laser field for two 
(0 and 7r/2 radians) phase differences. In section 7.2, we 
briefly review the charge particle dynamics, classically, 
in an electromagnetic plane wave. Next, we quantum 
mechanically describe the behaviour of an atomic electron 
inside a laser field. This section also reviews some 
related experimental work. In section 7.3 we formulate 
the classical equation of motion of a non-relativistic 
electron in the gamma-ray laser field. Section 7.4 first 
explains the behaviour in the simplest case in which the 
electric field strength of the gamma-ray laser beam is 
assumed to be spatially independent. It next describes 
the problem in a spatially dependent electric field 
strength and for two different phases. Section 7.5 
concludes our calculations as well as proposes other 
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possible terms to be included in the equation of motion 
for calculating a more realistic behaviour of a 
relativistic electron in the gamma-ray laser field. 
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7.2 Charge Particles and Electromagnetic Wave 
The effect of a non-relativistic charge particle on 
an electromagnetic plane wave is described in terms of the 
Thomson and Rayleigh Scattering phenomena. But these 
scattering phenomena do not exhibit the effect of the 
electromagnetic wave on the charge. This section briefly 
reviews the behaviour of charge particles in 
electromagnetic waves. Subsection 7.2.1 summarises the 
classical behaviour of a charge particle in a plane 
electromagnetic wave (Talwar, 1983). Subsection 7.2.2 
quantum mechanically discusses the behaviour of atomic 
electrons in a laser field. 
7.2.1 Charge particle in a plane wave 
A general relativistic equation of motion for the 
particle in an electromagnetic field is 
dp/dt = d[mv/(l-v2/c2)l/2]/dt 
= q(E + V X B) (1) 
where p is the momentum of the particle of rest mass m and 
charge q and moving with velocity v in the electric field 
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intensity E and magnetic field B at time t. c is the 
velocity of light. 
For a plane wave propagating along the propagation 
A 
vector k, the above equation becomes: 
d [ v / ( l - v 2 / c 2 ) ^ / 2 3 / d t = (q/m) ( l - v . k / c ) E + q(v.f)k/mc 
. . . ( 2 ) 
or, 
d[k.v/(l-v2/c2)l/2-j/jj^ _ (q/n,c)v.E ...(3) 
The energy equation 
d[mc2/(l-v2/c2)l/2]/dt = qv.E 
A — 9 ? 1 /9 
gives K = [l-k.v/cD/d-v^/c'')-'/'' as a constant of motion. 
The velocity of the particle may be expressed in terms of 
the plane wave as: 
V = dr/dt = (dr/d^).(d^/dt) 
- (1-^.v/c) dr/dfj 
where ^ = W(t-k.r/c) is the phase factor. 
Thus equation (3) results in a differential equation for 
determining r as a function of phase factor as: 
d^r/d^^ _ (q/Knia)2) [i + (O/c) . (E. dr/d^)k] ...(4). 
For a linearly polarized electromagnetic wave propagating 
along a direction the electric field intensity E varies 
as: 
E = E Q cos ti>(t-2/c) 
where E is the constant amplitude of the wave. 
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Substitution in equation (4) yields the components as 
d^x/d^^ = (qE^/Rmw^) cos uj(t-z/c) 
d2y/d^2 - o ...(5) 
d^z/dl^ = (qEQ/cKm o>^ ) dx/d^ cos U)(t-z/c) 
or, 
X = (-qE^/Kinto^) c o s o i C t - z / c ) 
y = O . . . ( 6 ) 
z = (-q^EQ^/BK^m^cw^) s i n 2 « ( t - z / c ) 
Hence, the motion of a charge particle in the 
electromagnetic field of a plane wave is an oscillating 
trajectory (Talwar, 1983) in x-z plane as shown in Fig. 1. 
7.2.2 Charge particles in a laser field 
The object of this subsection is to discuss the 
behaviour of a charge particle, specifically an electron, 
in the electromagnetic field of the laser. According to 
the dipole approximation, requiring the radiation field 
wavelength to be larger than the electron mean free path, 
the laser beam can be represented by a classical plane 
electromagnetic wave. 
98 
- ^ 
^1^ 
V 
F i g Behaviour of e l e c t r o n in 
f i e l d of a platin wove. 
the electromnrtrtf^t ic 
9S 
The time-dependent Schrodinger equation for an 
electron interacting with a vector potential A is 
a-fib/dt - H) v\>(r.t) = 0 . . .(7) 
where ^^(r.t) is the wave function corresponding to the 
Hamiltonian operator, given by H = [P + (q/c) A(f,t)]^/2m. 
Here P is the momentum operator. If we take A(r,t) as the 
potential applied by the laser beam, expressed as A(f,t) 
= (C/M) E COS (60t-k.r), then equation (7) becomes: 
{ih^/dt-[(F2/2m) + (q2E2/4mw2)] + (q/m«) cos (»t-k.r) E.P 
+ (q2E2/4mw2) cos 2(wt-k-f)} ^ (r.t) = O 
...(8). 
In general the electric field strength E changes 
slowly over the electron wavelength and the laser 
wavelength is large compared to the electron wavelength. 
The last two terms in equation (8) oscillate on the 
laser's time scale which is small compared to the 
electronic time scale. Their average effects thus being 
small, the remaining term q^E^/4m««)^, commonly known as 
"ponderomotive potential", governs the electron's motion 
(Mittleman, 1962). This is very small except for high-
power long-wavelength lasers focused into a small cross-
section and alters the kinetic energy of the electron to a 
lower value inside the strong laser field. 
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Scienti.t= at Bell Labs, have been performing 
experiments for observing the effect of the ponderomotive 
force of a strong laser field on the photoelectrons 
produced in an above-threshold ionization process. They 
have done these experiments in a 1064 nano-m wavelength 
Nd:YAG strong laser field. They have found that at lower 
laser intensities (less than about 10^"^ Watts/cm'') the 
distribution is along the laser's polarization vector, 
while at higher laser intensities the distribution becomes 
elliptical along the laser's polarization vector (Freeman 
et al., 1986). Their experiments also show the 
acceleration and deceleration of photoelectrons in the 
laser field (Bucksbaum et al., 1987a, 1987b). 
Colson (1986) has indicated the possibility for 
trapping of electrons in the combined field of optical and 
undulator forces present in the oscillators and amplifiers 
of a high power free electron laser. 
i n i 
7.3 In-beraction of an Electron with ^ fi^wn^a-fiay Laser 
In section 7.2 we wrote about the interaction of a 
charge particle with an electromagnetic wave and also 
about the response of free electrons to a laser beam. 
Here we wish to extend the problem to interaction with a 
gamma-ray laser field. As a part of this work we have 
attempted a few model calculations for the behaviour of a 
non-relativistic charge particle in the electromagnetic 
field of a gamma-ray laser. We are assuming the radiation 
field to be a plane wave and the free electron to be non-
relativistic. 
The expression for the time and spatially dependent 
electric field in a plane wave traveling in the positive z 
direction and polarized along the x-direction (see Fig. 2) 
is given by 
E(x,t) = EQ COS (kz - wt - <))) exp (- x^/R^) ...(9) 
where E^ is the constant electric field of the wave, k is 
the magnitude of the propagation vector \ of the wave, 
to and <^  are its angular frequency and phase parameter, 
respectively, and R is a parameter representing the beam 
width. 
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The magnetic field strength of the wave can be 
represented (in SI units) as B = E/c, and the direction 
of magnetic field vector will always be perpendicular to 
the direction of electric field vector and to the 
propagation vector. 
If the non-relativistic electron is moving in the x-
direction then the equation of motion of the electron 
inside the beam is governed by the Lorentz force equation 
F = q(E + "v X B), where v is the velocity of the electron 
interacting with the gamma-ray laser beam. 
But the study of radiations ejected from moving 
charge particles in the field of an electromagnetic wave 
yields an additional force acting on the particle known as 
the radiative reaction force (Fj,^^), which alters its 
motion (Jackson, 1975). So the total force exerted on an 
electron in the gamma-ray laser field should be 
^total = F + Fj.gjj 
2/o-,3\ J2r, 7,14-2 
^total = q(E + V X B) + (2q'^ /3c"^ ) d'^ v/dt'^  ...(10). 
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For a non-relativistic particle, the force exerted by 
the magnetic part of the gamma-ray laser fi«ld (P^ maa ~ 
qEv/c) can be neglected in comparison with the force 
exerted by the electric part of the gamma-ray laser beam. 
For ganima-ray laser parameters, it can be shown that 
the radiation reaction part of the total force exerted on 
the moving electron is much smaller than even the magnetic 
force (see Appendix). Therefore, the electric force 
acting on the electron in a gamma-ray laser field is the 
most important force for studying its behaviour. 
Thus on the basis of the above discussion, we are 
left with the equation of motion as d(mv)/dt = qE(x,t) or 
2 = ( nV / m l r./-,c f It^ ~ ».i+ - Ai\ OVT> (- V 2 / R 2 
( 1 1 ) 
d'^ x/dt'^  = (qE^/m) cos (kz - ut - <t>) exp (- x^/R^) 
Now if one considers the interaction at the point z 
= 0 (see Fig. 2) then equation of motion can be rewritten 
as: 
d^x/dt^ = (qE^/m) cos (wt + 4>) exp (-X2/R2) ...(12). 
l o : 
7,4 Calculatiopa and Reaulta 
In order to study the response of a free electron in 
the field of a gamma-ray laser in non-relativistic regime, 
one has to solve the differential equation (12). Since 
an exact solution of this equation is not possible, one 
has to solve it numerically or under some model 
approximations 
First, we attempt to solve it with a model 
approximation, i.e., by ignoring the spatial dependence of 
the oscillating electric field so the equation (12) 
reduces to 
d^x/dt^ = (qE^/m) cos (wt + ^) ...(13) 
yielding the velocity of electron v(t) inside the gamma-
ray laser field as 
v(t) = dx/dt 
= (qE^/mtt) sin (wt + 4*) ~ (qE /mw) sin4> + v 
...(14) 
where v^ is the initial electron velocity at t = 0, and 
the position x(t) is 
x(t) = (-qEQ/moj2) cos (tx)t +<^ ) - (qE^t/miO) sin^ + v^t 
+ (qE^j/mt^) cos 4 + X 
. . .(15) 
IQG 
Numerically, for gamma-ray laser parameters, the 
photon energy is in the range of about 10 KeV to about 100 
KeV. The angular frequency, U), corresponding to nearly 40 
1 Q KeV per quantum is approximately 27rx 10"^ ^ radians/sec. 
And as a typical case the beam-width parameter of the 
21 gamma-ray laser beam may be as great as 3 x 10^ 
Watts/liter of the gamma-ray laser material (Hecht, 1987) 
which would correspond to 1.7 x 10^° Volts/m of the 
electric field, E^. 
In the spatially independent electric field case, 
there is no field outside the gamma-ray laser beam-width 
parameter, R. So in order to see the behaviour of the 
electron in the field, the initial values of the position 
and velocity of electron can be taken as x(t=0) = XQ = -R 
= -5.0 X lO""* m, and v^ = 10"^  m/sec. 
Let T, the transit time, be the time taken by the 
electron in crossing the gamma-ray laser field (beam) from 
X = -R to X = R, which can be evaluated as 
T = 2R/(Vo -(qEjj/mw) sin4») ...(16). 
This will be true provided (qE^/mu)^) << R, which fits with 
our calculation. Equation (14) gives the velocity at time 
T as: 
1Q7 
v(T) = (qE^ /niu)rjiri (ooT • 4^  - ( qEy/mw) al n 4> • v^ ...(17). 
For phase parameter <}> = O, equation (17) yields: 
V(T)/VQ - (qEQ/mtiv^) sin WT + 1. 
From the maxima-minima principle, tv( t)/vQ]^ gjjj^ jj,^ jj^  = 1 and 
T = 2R/v . A positive value of the transit time, T, 
represents the transmission of the particle through the 
gamma-ray laser beam, while for 4 = Tr/2 radians equation 
(17) gives reflection of the electron by the field of the 
gamma-ray laser beam. Also for <|) =11/2 radians, if we 
take VQ = (qE^/mo), we find from equation (16) that T 
becomes infinite. Thus in this situation the electron 
will be permanently trapped inside the gamma-ray laser 
beam. 
Fig. 3, representing the motion of the electron, 
shows the oscillatory motion inside the beam, having phase 
<|> = 0, and for 10 m/sec initial velocity. It shows a 
microscopic view of the motion for a short time scale, 
i.e., 2.5 X 10"2^ sec. The transit time from T = SR/v^ is 
about 10 sec. Since in this case the electric field 
strength is independent of spatial parameters, this 
oscillatory motion of the electron inside the beam is not 
going to alter even at the time of leaving the beam. 
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From equation (16) it is clear that if the phase 
parameter of the gamma-ray laser beam is changed to Tr/2 
radians, transmission of the electron into the beam can 
not occur unless the initial electron velocity exceeds the 
value (qEQ/mtO). For gamma-ray laser parameters it would 
be about 4.76 x 10^ m/sec. Fig. (4) shows the behaviour 
of the electron inside the beam at such higher initial 
velocities, viz. for v = 5.0 x 10° m/sec. However at 
this initial velocity, the magnetic and relativistic 
corrections to the given calculation become about 1.7% of 
the electric field force, which is again small enough to 
be neglected. 
After discussing the above simplest model calculation 
for the response of an electron inside the gamma-ray laser 
beeun field in which the spatial dependence of the electric 
field strength has not been taken into account, we would 
now like to go back to equation (12) for further 
calculations by considering the spatial dependence of the 
electric field strength. In this case the field is not 
only confined within the beam-width parameter but there 
will also be a quite effective field strength outside the 
beam which can not be omitted. 
no 
X 
u 
X 
10 15 20 25 30 
t (x 10~ °^ sec) 
Fig. 4 The oscillatory motion of an electron inside the 
spatially independent gamma-ray laser field (^  = 
'lf/2 radians) . 
I l l 
7 . 4 . 1 Zero phase 
Equation (12) can not be solved directly unless some 
numerical techniques are involved. We have attempted to 
solve it with the fourth-order Runge-Kutta method (Andrus, 
1983 and Dorn et al., 1972) using the Digital Equipment 
Corporation's VAX-VMS 11/780 computer system. Fig. 5, 
analogous to Fig. 3, represents the microscopic view for 
short time scale for the behaviour of an electron inside 
the gamma-ray laser field in which the spatial dependence 
of the electric field strength has been considered (see 
equation (12)). It shows the motion as an oscillatory one 
similar to the case where the electric field strength was 
taken to be spatially independent, the only difference 
being in the amplitude of oscillations. 
Since the electric field strength is not uniform in 
space, the amplitude of oscillations of the electron 
motion is not the same throughout the field. It first 
increases and goes to maximum at the centre and then 
decreases as the field becomes small. 
The above calculation has been checked by assuming a 
much larger beam-width parameter, i.e., R' = 10^ x R. 
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t(x 10^ %ec) 
Fig. 5 The oscillatory motion of an electron in the 
gamma-ray laser beam (^= 0 radians) field. 
113 
This enables one to assume the electric field strength to 
be uniform over a short distance (10"^ m) around the 
centre of the beam. In this case we found the same 
results as for the motion of electron in the spatially-
independent electric field. 
7.4.2 lT/2 phase 
From section 7.2, let us recall the case of 
spatially independent electric field strength and iT/2 
radians gaimna-ray laser beam phase. We have seen in this 
case, using the calculation procedure of section 7.4.1, 
that the electron can not enter into the gamma-ray laser 
field until its initial velocity exceeds (qE /mu)). Simi-
larly, for spatially dependent electric field strengths of 
the gamma-ray laser field, one must have a corresponding 
cut-off value for the initial electron velocity. In this 
case we find this value to be about 1.76 x 10 m/sec, 
below which the electron is reflected from the oscillating 
gamma-ray laser field. 
Fig. 6 shows the interaction of the electron with the 
gamma-ray laser field at 10^ m/sec initial velocity, v_,, 
1 1 4 
0 12.5 25.0 375 50-0 62.5 TSO 
1:(xl0''^ ^ sec) 
Fig. 6 The reflectory motion of an electron in the 
gsmma-ray laser beam \ 4* - tT/Z radians). 
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when the initial position of electron is x(t=0) = -10 "^ m. 
From this figure it is apparent that the electron first 
enters the field with its own linear momentum but as soon 
as the field overcomes it, the electron is reflected in 
the backward direction. It is found that the reflectory 
behaviour of the electron into the gamma-ray laser field 
is exhibited until v^ is raised to 1.7556 x 10 m/sec. At 
this cut-off initial velocity the oscillatory motion of 
the electron inside the gamma-ray laser field is exhibited 
in Fig. 7. Fig. 8 shows the translational motion of the 
electron inside the gamma-ray laser field at much higher 
e 
initial velocity, i.e., at 5 x 10" m/sec. 
Fig. 9 shows the different transit times, T, in 
which the electron crosses the gamma-ray laser beam (10 
m). For this part of the calculation we had supposed the 
initial electron position to be x = - 5 x 10"^ m (in 
order to reduce the large CPU time required by the 
computer). We see that for higher initial velocities 
(above 3.0 x 10° m/sec) the transit time is approximately 
same as given by the simple kinematics, T = 2R/VQ, but for 
slightly lower initial velocities the motion • involves 
dynamics and the transit time abruptly increases as the 
initial velocity decreases. This leads to the trapping of 
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i ( X 10-^ 0 sGc) 
Fig. 7 The oscillatory motion of an electron 
gamma-ray laser beam ($» = TT/2 radians). in 
the 
u 7 
£ 
n 
'O 
X 
12 
10 
o 
c X 
0 5 10 15 20 25 30 35 
t(xlO'^° sec) 
Fig. 8 The translational motion of an electron inside 
the gamma-ray laser beam (^  = V/2 radians). 
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T rapp ing 
T ransmi s s ion 
10° id 10^  10^  10^  lO^  1 2 3 ^ 5 6 7 
^ xio° > 
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Fig. 9 The transit time (T) versus initial velocity. 
Curve 1 is for the dynamical motion of the 
particle in the gamma-ray laser beam. Curve 2 
is for purely kinematical motion <T = 2R/VQ ) . 
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_ e 
the electron for a long time (at least 10 ° sec) inside 
the gamma-ray laser beam at initial velocities > 1.7556 x 
10^ m/sec. 
On assuming the large beam-width parameter (R' = R x 
10^), these results lead to the same outcome as in the 
case when the electric field is taken to be spatially 
independent. 
7.5 Conclusion 
In conclusion we would like to impress the reader's 
attention to the non-zero phase difference ( j> = ir/2 
radians) between the electron and the electric field 
strength of the gamma-ray laser beam in which the 
reflection, transmission and trapping of the electron is 
exhibited as a function of initial velocity of the 
incoming electron. Such type of phenomena are not 
observable in the case of ordinary lasers because their 
electric field strengths (about 10^ Volts/m (Laser Focus 
World Buyers' Guide, 1989)) are not as high as the gamma-
ray lasers (1.7 x 10^^ Volts/m). 
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In this model calculation we have assumed the 
interaction of the electron to be non-relativistic. We 
have seen that the physical effects of transmission, 
reflection, and trapping did not get washed out as we 
moved from the spatially-independent to the spatially-
dependent case. If the electron is taken to be 
relativistic then, in sequence of importance, the 
relativistic correction to the Newton's law, magnetic 
force, and radiation reaction force, being exerted on the 
electron in gamma-ray laser field are to be considered 
(see Appe-Jidix). The inclusion of all these terms in the 
equation of motion (equation (12)) will complete the 
classical treatment of the problem. However, we do not 
expect any new physics to arise as a result of the 
inclusion of above three forces. In addition to the 
classical dynamics, it will also be an interesting idea to 
see the problem quantum mechanically (Mittleman, 1982). 
la 
Comparison between different forces acting on an electron 
in a gamma-ray laser field: 
In equation (11) we have taken the motion of the 
non~relativistic electron in a gamma-ray laser field under 
the influence of electric force only. But there are some 
other forces acting on the electron in the field. And 
these forces may be appreciable in describing the 
behaviour of a relativistic electron. Here we wish to 
work out a priority-wise list of such forces, viz. 
magnetic force, relativistic correction to the Newton's 
law and the radiative reaction force (Jackson, 1975), to 
be included in the equation of motion. 
(i) The radiative reaction force (F^ ^^ j^ ) is expressed as: 
^rad = (2q2/3c3) d^v/dt^ ...(Al). 
An electron interacting with the oscillating field also 
starts oscillations with the frequency of the field. 
Therefore, the velocity of the electron inside the gamma-
ray laser field can be taken as v v-s v^ cos ut. Thus F j 
becomes: 
^rad^ 2q2(^ 2 v^/Sc^ .. .(A2). 
J22 
Thus for an electron with v^ = 5 x 10" m/sec, Fj-g^ j comes 
— 17 to be about 10 Newton, while for a relativistic 
— 1 R 
electron (v^ = 0.5c) it would be about 3 x lo Newton. 
(ii) According to the modified form of the Newton's law of 
motion, the total force experienced by the relativistic 
electron in a field is 
^total = ^P/^^ = d[mv(l-v2/c2)-l/23/^j^ 
= dtmv(l+v2/2c2 -{l/8)(v2/c2) +...)]/dt 
where p is the electron momentum. Since v/c is smaller 
2 2 than unity, the higher power terms of (v^/c ) appearing in 
the above series can be dropped and hence 
^total- d(mv)/dt + d(mv3/2c2)/dt ...(A3). 
In this relativistic motion the first term represents the 
non-relativistic form of the equation of motion while the 
other term represents a relativistic correction to it. 
This correction can be expressed, using equation (11), 
as: 
^rel ^ (3m v^3/2c2) ...(A4). 
Thus for a non-relativistic electron this correction is of 
about 10 " Newton, while for relativistic electron 
velocities it becomes compatible to the force exerted by 
the electric field, qE, which is of the order of 10"^ 
Newton. 
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(j.ii) The comparison between the magnetic force and 
relativistic correction can be made as 
Fmag/^rel = (qv^E/c)/(3m«v^3/2c2). 
The numerical substitution of terms appearing on the right 
c 
hand side of the above equation at v^ = 5 x 10 m/sec 
gives its value to be about 38, while at v^ = 0.5c it is 
about 3.2 X 10~ . Thus for non-relativistic electron the 
magnetic field correction is more important than the 
relativistic correction while for relativistic electron 
the relativistic correction to the equation of motion is 
more important. 
(Iv) A comparison between magnetic field and radiation 
reaction forces yields Fj^ gg/Fj.g^ j = 3Ec /2q«^ '^  to be about 
10l2. 
Thus on the basis of above discussion one can make 
a comparison between these three correction terms to the 
equation of motion describing the behaviour of electron in 
the gamma-ray laser field. It is obvious that for a non-
relativistic electron all these extra forces can be 
neglected in comparison to the electric force. But for a 
relativistic electron these extra forces become comparable 
124 
to the electric force. Rankwlse, the relativistIc 
correction to the equation of motion stands first, the 
magnetic field correction lies in the second position 
while the radiative reaction force places last. 
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ChafitfiX-^  
INTERACTION OF A DIFQLE WITH A GAMMA-RAY LASER 
8.1 Introduction 
In chapter 7, we discussed the interaction of a non-
relativistic electron with a gamma-ray laser field. In 
this chapter we present a short generalised treatment for 
the interaction of an electric dipole with a plane 
electromagnetic wave gamma-ray laser beam of a finite 
diameter (Gupta and Husain, 1990). It is found that the 
dipole may either be unaffected or it may undergo 
rotational as well as oscillatory motion and may also be 
accelerated as well as decelerated. 
Let an electromagnetic plane wave of the gamma-ray 
laser beam be propagating along the positive E-direction 
and a non-relativistic electric dipole with charges +q 
at (.^\> y^ . 2^) and -q at (X2. y2' Z2) separated by a 
distance 2r be moving towards the positive x-direction 
(see Fig. 1). The masses of the two charges are supposed 
IK 
V 
- q 
Ax 
0 
2r 
I 
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> 
^ 
Fig. 1 A gamma-ray laser beam and incoming dipolo 
I 2 d 
to be the same, say m. 
The electric field intensity (E) at any time t inside 
the gamma-ray laser beam behaving as a plane wave, is 
taken to be constant in x-y plane, i.e., 
E = E Q COS (ut - kz + f) . . . (1) 
where E-. is the maximum ajnplitude of the electric field. 
to and k are the angular frequency and magnitude of the 
wave vector k (= 2ir/A) , A being the wavelength of gamma-
ray laser beam, and ^ is the phase angle. We have 
recently shown (Gupta et al., 1990, Gupta and Husain, 
unpublished, and Appendix of Chapter 7) that a non-
relativistic charge particle in an electromagnetic field 
of a g£unma-ray laser beam experiences a major part of the 
total force (comprising of the electric, magnetic and the 
radiative reaction forces) due to the electric force. 
Therefore, as a model calculation, the interaction of a 
non-relativistic electric dipole with a geumna-ray laser 
beam can also be approximated as the motion of the dipole 
in the oscillating electric field of the gamma-ray laser 
beam. 
The rotational equation of motion of the dipole can 
be given by the torque (T) as: 
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T 3 "gc^  
where iS is the 3 x 3 moment of inertia matrix and «< is the 
angular acceleration. 
In full form this is given by 
TA /M^^^-^i^-xl) -mcM,+ ^ i\) -tn(*,^ ,^ a^20 \ I ^x 
T. 
-^(^y, +XiV2.) rn {^r'^t-li) -^ C^ .^ .+^ x^ -x) 
U/ 
^v 
-^(X,Z, + X,20 -tY,(t^ , + ^ liO -Xyi^tW-^t)/ \o(^ 
U). 
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8.2 DJpole in x-y plane 
If we consider the dipole lying in x-y plane {z^ = z^ 
- O) with its centre moving along the positive x-direction 
inside the gamma-ray laser beam, then there will be equal 
but opposite forces, of magnitude F, on the two charges. 
These will form a couple so that the dipole receives a 
torque in z-direction (see Fig. 2). 
Therefore equation (2) gives 
^2 = 2mr2o(^ 
= 2mr2 (d^e/dt^) ...(3) 
where © is the angle that the dipole makes with the 
positive x-direction. 
But Tg = rF sin 6 
where F is 
F = qE^ cos (u)t + «|j) 
Equation (2) becomes 
rqEo cos (wt + <f>) sin 0 = 2mr2 (d^G/dt^) 
or 
d^e/dt^ = A cos (tot + cj)) sin© ...(4) 
where A = (dEQ/4mr ) and d is the dipole moment (= 2qr) 
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> 
Fig . 2 Dipole in x-y pi y plane 
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Now we consider different cases of dipole orientations 
interacting with the gamma-ray laser beam. 
Let us consider the case in which the dipole enters 
the gamma-ray laser beam with yj^  = y2 and Zj = Z2- Then 
there will be two equal and opposite forces on the two 
charges, producing a total force on the dipole of zero, 
and the dipole will continue to move with its constant 
initial velocity along the positive x-direction. 
The gamma-ray laser beam can rotate the incoming 
dipole through an angle of 2 7r as well as oscillate it. 
For example, let us consider a dipole in x-y plane lying 
along the y-direction at t = 0. If the angle of 
displacement of dipole, 8, in time ir/uj (after which the 
direction of electric field strength E gets reversed) is 
greater or equal to TT, then the different stages of 
angular displacements are shown in Figs. 3 and 4. 
Since the direction of torque is the same at each 
time, rotation of dipole through a complete circle will 
occur. 
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Fig . 4 Dipole r o t a t i o n for Tf/w 4 t <^ Zyr/W. 
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Conversely if we assume a case in which the dipole 
rotates by an angle e <C 1^ /2 in time "TT/w , then the 
different stages of angular displacements are shown in 
Figs. 5 to V. Fig. 5 shows the angular displacement of 
the dipole at time t, within the interval O 4: t ^ TT/w, 
during which the direction of electric field strength 
remains same. 
At time TT/W the angular displacement is 6, and the 
angular velocity of the dipole, d©/dt, becomes maximum. 
At the same time the direction of electric field (E) gets 
reversed uptill t ^ 2Tl/w. During this time interval the 
torque will act as a restoring force until the dipole 
comes to rest at time t = 2ir/w. At this instant the total 
angular displacement of the dipole from its original 
position would be 20 (see Fig. 6). After time t = 27r/u>, 
the direction of electric field strength E will be again 
reversed and thus the dipole will start to rotate in the 
opposite direction (see Fig. 7). In this way, if the 
dipole rotates by an angle 9 4 W2, in time TT/w, then the 
gamma-ray laser beam produces an oscillatory motion in the 
dipole. 
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Oscillation 
F i g . 7 Dipole o s c i l l a t i o n for 2Tr/<o^ t 4: 3 ; r /w . 
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8.3 Djpole in x-z plane 
We consider the dipole in x-z plane so that its centre 
moves along the positive x-direction. Then, since z-^ ^^2' 
the electric field forces on the two charges Fj^  (on +q) 
and Fo (on -q), respectively, are not equal (see Fig. 8). 
We have 
^1 ~ '^ o^ °°^ ^^^ ~ ^^ '^ •^" © +f) 
(since Zj^  = r sin 6) 
Fg = -qEjj cos (tot + kr sin 9 + «^ ) 
(since Zg = ~r sin 9) 
...(5) 
and these two forces on the dipole will be equal to the 
sum of a couple of smaller force F (= F2 if |Fi| > IFol 
or Fj^  if IFj^ l < IFgl) and a force f (= | F;,^)-> | Fgl ) • The 
couple provides the rotational motion and the force f the 
translational motion to the dipole. 
Now if IF^I > IF2I then the equation of rotational 
motion will be governed by the torque 
X y - riFgl sin 6. 
Or. 
Ty = rqEg cos (lot + kr sin 6 + <|>) sin 0 ... (6) 
while T^ - r^ = 0. 
HI 
Fig . 8 Dipole in x-z p lane 
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r\ From equation (2) the rotational motion becomes VYi(At^?^*-xr) - ^ > ^ c ^ ^,-VX,.Zv)\ 
r> 7 
0 / 
2>nf' o< y 
r'^i^h+h^z) >n Ca/-zS^i)/\ 0 / 
(since y^ = yg = 0) 
. . . ( 7 ) . 
Thus, 
Vy = 2mr2^y 
= 2mr2 (d^e/dt^) 
and from equation (6), we have 
rqEjj cos ((i>t + kr sin 9 + <()) sin 6 = 2mr2 (d^e/dt^) 
or, 
d^e/dt^ = A cos (wt + kr sin 6 + «^ ) sin 6 ...(8) 
For translational motion, the equation is 
f = M (d^x/dt^) 
where M is the total mass of the rigid dipole. Thus, 
M(d2x/dt2) = 2qEQ sin (cot + ^) sin (kr sin 6) ..(9) 
By substituting the solution 9 = 9(t) obtained from 
equation (8) into equation (9), we can get the solution 
for translational motion of the dipole inside the gamma-
ray laser beam. 
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Notice, if IFj^ l > IFpl then the rotation will be in 
anticlockwise direction and the force f responsible for 
the translational motion will be in the positive x-
direction. Thus the dipole moving in x-direction receives 
acceleration. On the other hand if \F*\ < IFol then the 
rotational motion will be same as it is in the previous 
case but the force f will be in the negative 2-direction. 
Thus the dipole moving in the positive x-direction will 
feel a deceleration. And in a particular case the dipole 
may be reflected. 
14^ 
8.4 Conclusion 
Through a generalized treatment, we have qualitatively 
seen the interaction of a rigid dipole with a plane 
electromagnetic wave of finite beam-width. The dipole can 
be either unaffected or can rotate without affecting its 
translational motion or can rotate with either accelerated 
or decelerated motion. 
It has been estimated that a gamma-ray laser proposed 
on the basis of nuclear transitions can store about 10 ^  
Watts per liter of its active medium, which is about 
0.01% of the total electromagnetic power radiated by the 
sun (Collins, 1986, Hecht, 1987, and Husain and Gupta, 
1990b). If we consider such a gamma-ray laser beam of 
diameter of about 10~^ m, then its electric field 
strength can be taken as E^ = 1.7 x 10^ Volts/m, while 
the electric field strength coming out from the ordinary 
lasers is about 10 Volts/m (Laser Focus World Buyers' 
Guide, 1989). Thus effects discussed in this chapter can 
not be observed in the case of an interacting dipole with 
an ordinary laser beeun. 
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Recently, physicists have become interested in producing short wavelength, high 
power coherent laser beams. Efforts are going on to develop gamma ray laserb 
(grasers) (Husain and Gupta 1990, Jones 1988 and Baldwin et al 1981) and these 
may yield a large number of applications (Baldwin et al 1981, Hecht 1987). 
In this short note, we present a model calculation for the interaction of a 
charged particle with a gaussian graser beam. Our results indicate interesting 
physics in the form of either reflection or transmission or trapping of the particle 
for large times. 
Let us assume a particle of charge q, mass m and initial velocity v^ moving 
in x-direction interacts with the graser beam propagating in the z-direction (see 
Figure 1) described, at time t, by the electric field 
Ei,x, i) = Eo sin wt exp {-x^lR") 
where £"0 is the constant electric field of the graser beam along the z-axis, <o is 
its angular frequency, and i? is a parameter representing the beam width. The 
magnetic and radiative reaction forces acting on the particle are negligible in 
comparison to the electric force provided the velocity VQ is non-relativistic. Thus 
the equation of motion for the particle interacting with the graser beam is : 
d'x/dt' = iqEolm) sin ojt exp (-x*//?"). 
This equation was numerically solved for /n=9.1 x 10"^^ kg, </= - 1.6x 10~^' 
Coulomb, co = 27rxlO*» rad/sec, i?=5x 10'* met and £0 = 1.7x 10^^ volts/met. (the 
power of the graser beam is taken to be 3 X 10'^ watts (Collins 1986 and Hecht 
1987)) using the fourth order Runge-Kutta Method (Andrus 1983 and Dorn et al 
1972). 
'The preliminary version of this short note has been presented at 'Third Asia Pacific Physics 
Conference'. 20-24 June 1988, The Chinese University of Hong Kong, Shatin, Hong Kong. 
••Computer Center, Aligaih Muslim University, Aligaih-202 002, U.P., India. 
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In order to see the behaviour of the particle in the graser field we first take 
Vo as 10* met/sec and Xo{=x at i=0) to be - lO '^ met. Then the particle' first 
I 
Figure I. A graser beam and the incoming particle, fo is the initial particle 
velocity, 
enters into the field with its own linear momentum but as soon as the graser field 
overcomes it the particle reflects in the backward direction (see Figure 2). 
It is found that the reflectory nature of the particle into the graser field is 
exhibited until v^ is raised upto 1.7556x10" met/sec. At this higher initial 
particle velocity the oscillatory motion of the particle into the graser beam is 
exhibited (see Figure 3). Figure 4 shows the different transit times T, in which 
the particle crosses the graser beam, at different initial velocities. We see that 
for higher initial velocities (above 3x 10" met/sec) the transit time is approximately 
given by the simple kinematics T=2RIVo, but for lower initial velocities the 
motion involves dynamics and the transit time abruptly increases as the initial 
velocity decreases. It also gives an idea of the trapping of a particle for a 
long time (at least 1(J* sec) inside the graser beam at initial velocities > 1.7556 x 10" 
met/sec. 
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Charged particle dynamics in the field of a gamma ray laser 75 
Acceleration, deceleration and scattering of electrons from a 1064 nni 
Nd : YAG laser of about 10*' watts/cm* has been observed (Bucksbaum et al 
1987). However, trapping of electrons by a laser beam has not been seen so far. 
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Figure 4 The Uansil time (T) vs initial \elocily (VQ). Curve 1 is fur llic ilyna-
uiical motion of the pailicle in the graser beam. Cui\e 2 ib foi puiely 
kinematical motion (r=»2i?/Vo). 
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Introduction 
The rapid development of laser technology since 
the first ruby laser of Maiman (1960) has made it al-
most impossible to provide a comprehensive list of 
laser appUcations at any point. Lasers consisting of 
different materials can be as small as a pinhead 
(coupled with integrated optics) and as large as a 
football field (the free electron laser). The present 
state-of-the-art lasers can emit light from X-rays to 
far infrared radiations. According to Einstein's for-
mula, the ratio of the transition probabilities of 
spontaneous [A) and stimulated (5) emissions at 
wavelength A is given by A/B = S:Tfi/V. This 
shows that for shorter wavelengths spontaneous 
emission becomes a strong competitor to stimulated 
emission. It has been shown''^ that, in principle, am-
plification by stimulated emission can be obtained 
upto all wavelengths, larger than 10" '^  m. 
Excimer lasers, now capable of producing 90 nm 
wavelength coherent radiations^, and free electron 
lasers (PEL) of tunable" wavelength range 463-486 
nm, have the scope for much shoicer wavelength 
generation. Free electron lasers upto 0.5 nm have 
been proposed', and the quest is towards even shor-
ter wavelengths lasers, in the X-rays and gamma ray 
region (grasers). At present, the scientists of Ruther-
ford Appleton Laboratory, U.K., and Osaka Uni-
versity, Japan, have generated coherent X-ray 
emission at 4.5 nm in Mg" ^ ions\ Japanese scien-
tists have also realized emission at 6.59 nm in Eu^^ ^  
ions". American labs have also demonstrated X-ray 
lasing action in wavelength range of 6-10 nm with 
powers upto a few magawatts'^'''. All these experi-
ments involve the use of powerful optical lasers by 
focusing their short pulses on a material raising the 
temperature to about 10^  °K and pressure to about 
10** atmospheres. This converts the material into a 
hot plasma and the population inversion is achieved 
in the highly ionized atoms by means of coUisional 
pumping mechanisms. In 1981, American defense 
scientists reported gain at 1.2 nm wavelength with 
thermonuclear pumping mechanism'". However, 
their success is secret. 
A soft X-ray laser may also be useful in high reso-
lution microscopy through three dimensional holo-
graphy. Thus, as against the electron microscopy 
which can only be used with samples under vacuum. 
X-rays can be used to observe Uving cells. This laser 
has been suggested as an efficient tool for the study 
of physiochemical properties and the roughness of 
surfaces and also in molecular physics. 
In the following sections a survey of graser propo-
sals based on nuclear transitions, electron and posi-
tron beams are given; finally some principle applic-
ations for these lasers are pointed out. 
Graser Proposals Based on Nuclear Transitions 
Attention is now given to problems confronting 
the development of grasers that might use nuclear 
transitions in the 5-100 keV region (10""^ 
cm < A < 2.0 X 10"** cm, the ultrashort wavelength 
band). 
The nuclear gamma ray transitions involve more 
complex physics, not present in the larger wave-
length conventional laser systems. In normal optical 
laser transitions, the size of the photon-radiating 
system R, the distance between two nighbouring ra-
diators D, amplitude of radiator's thermal oscill-
ations X satisfy: 
x<R~ D<X 
while for nuclear gamma ray transitions the relation 
is 
R<x~k<D. 
In both cases R< ^ implies the validity of long 
wavelength approximation and multipole expan-
sion. But for nuclear transitions D > A and x~ X 
causes phase incoherence in the emitted radiations. 
The energy of optical radiation EQ is much less than 
atomic ionization energies (E,), while the energy of 
nuclear gamma rays (£.y) is much greater: 
E,<E,< E^ 
It implies that in an optical laser a radiation induces 
an inverse transition in another radiator, while in 
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nuclear transitions the emitted radiation cannot in-
duce another transition because in the gamma-ray 
case the recoil energy is very much larger than it is in 
optical radiation case. The dominant mechanism for 
most nuclear transitions of interest for grasers is not 
the photon emission but rather the ejection of atom-
ic electrons. Similarly the dominant absorption me-
chanism in matter for photons emitted by nucleons 
is absorption by electrons and not by nucleus. 
Inversion density and cross-section for stimulated 
emission—¥oT amplification of radiation by stimu-
lated emission from an upper state to a lower state, 
the photons must be added by transitions between 
the two levels into a limited number of modes of the 
radiation field more rapidly than they are removed. 
The inversion density, n*, the excess of the upper to 
lower level population densities, is: 
n*=n2-(g2/gi] . ( la) 
Here «,, gi and «2, g2 are the population densities 
and degeneracy factors for the lower and upper le-
vels respectively. For lasing action it must exceed 
the ratio of cross-section for non-resonant photon 
removel o^, to the resonant radiation-induced trans-
ition cross-section, a, or, 
n*>{aja,)'n . . . ( l b ) 
where n is the total atom density. In a non-plasma 
normal matter the photons are non-resonantiy re-
moved by photoelectric absorption and by Comp-
ton scattering. In gamma-ray region of interest to us 
the photoelectric process is dominant for which the 
cross-section varies as: 
o=CZ''X 4.5 3 3 , . ( 2 ) 
where the constant C depends upon the material. Z 
is the atomic number and A is the wavelength of 
electromagnetic radiation. The resonant photon 
removal cross-section is given by 
a, = (AV2;r)- ( ryr) . . . (3 ) 
where F, and F are the radiative and total line-
widths of the energy level, respectively. Thus from 
Eqs (1-3), for a normal matter, the threshold inver-
sion density is proportional to the wavelength of 
electromagnetic radiation. Hence for shorter wave-
lengths in normal matter, a smaller excess of upper 
level population density is needed. But in gamma 
ray region, the problem whether the required excess 
to the upper level can be produced without convert-
ing the medium to a plasma, remains to be resolved. 
In a plasma, for the gamma ray region, the other 
non-resonant photon removal process, viz. the 
Compton scattering becomes important and there-
fore a, cannot be represented by Eq. (2). 
Bandwidths—in Eq. (3), the ratio of radiative 
width to tiie total Urtewidth, is the "Une-broadening 
factor" and the other term X^lln is the "area fac-
tor". The area factor exceeds a^ by lO* in ultrashort 
wavelength region. Therefore, from Eq. (1), the line-
broadening factor becomes crucial and attains the 
maximum value of unity only when the transition is 
purely radiative and that to a ground state. In gener-
al the transition also involves non-radiative as well 
as inhomogeneous processes. The total linewidth 
can be taken as the sum of the intrinsic widths of the 
two energy levels, their finite lifetimes, and any ad-
ditional broadening associated with random dis-
placements of the transition energy by locally vary-
ing fields or temperature. 
Thus, 
r = r , + F,-i-Fi (4) 
H - i F = 7 7 + r v + Fi 
where subscripts r, x and i denote radiative, non-ra-
diative and inhomogeneous parts, T^ and T^ are the 
lifetimes of the upper and lower energy levels, re-
spectively. In the absence of inhomogeneous broad-
ening the radiative width, 
F, = 6T2(l + a ) - ' . . . (5 ) 
where h is the fraction of all non-radiative decays 
from a given level that terminate on a second given 
level and a is the ratio of the probabilities of non-ra-
diative and radiative processes. 
Thus in order to satisfy the gain condition (Eq. 1), 
the radiative width F, must be an appreciable frac-
tion of the total linewidth F. In other words, inhom-
ogeneous broadening, Auger effect in atomic and 
internal conversion in nuclear transitions must not 
dominate the transitions, i.e., a must be small. 
It is seen from Eqs (1-3) that for ultrashort wave-
lengths the threshold inversion density, n*, needs a 
smaller (about 0.1%) excess of excited state popula-
tion. Since the excited state lifetimes usually tend to 
decrease as transition energies increase, so the 
pumping power demand is enhanced, undesiringly. 
In ultrashort wavelength region, the atomic radi-
ations originate in E2-transitions of single electrons 
The lifetimes of excited atomic levels are in 
femtoseconds or less. It has been suggested 
that if a plasma is pumped with fast neutrons with 
lifetimes of the order of picoseconds then it might 
accumulate inverted populations capable of lasing 
and for such short-Uved states the inhomogeneous 
broadening becomes comparable with normal 
broadening. Thus for grasers, in order to fulfill the 
gain condition, it is doubtful that inversion can be 
accumulated in such short-lived atomic excited 
states. 
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Although nuclear transitions require equally high 
energy density for inversion, they do not necessarily 
demand high power density, since the lifetimes of 
radiatively decaying nuclear isomer states can be 
many orders of magnitude longer than those of 
atomic states. 
Most important, the Mossbauer effect (in which 
the radiating atom is bound in a single crystal and 
recoil energy is absorbed by the whole crystal with 
neghgible energy loss) reduces the limitations im-
posed by the inhomogeneous broadening. Thus for 
high cross-section for stimulation, the active isomer 
nuclei must be in a solid host at a temperature well 
below its melting point. The non-radiative decay of 
the nuclear levels may be avoided by using the Borr-
mann effect (the process of photon channeling by 
the scattering of highly monochromatic and colli-
mated X radiations within a single crystal), which in 
analogy with Bragg-reflections, enhances the rela-
tive probability of photon emission'^ "^^. 
The lower states of transition in a polarized non-
zero magnetic moment nuclei can remove the reso-
nant absorption while the excited states of such nuc-
lei can help in separating the excited and unexcited 
nuclei. The power required to invert transitions hav-
ing lifetimes in the Mossbauer range is high enough 
(although it is less than that would be needed for 
pumping atomic transitions) to cause noise-tem-
perature rise and lattice damage that can destroy the 
physical conditions required for the Mossbauer and 
Borrmarm effects. Thus in order to develop a work-
able graser, it must be devised to either nondestruct-
ively pump a Mossbauer transition, or eliminate (or 
at least greatly reduce) all of the various line-broad-
ening effects that prevent Mossbauer emission from 
long-lived transitions. 
Most proposals for grasers have avoided (inspite 
of sacrificing efficiency) a resonator and ensure the 
beam formation by making the active medium in 
needle-shaped form. However, the coherence of the 
resulting spontaneous radiation is would not be 
high. 
Search of appropriate graser medium—Cunent 
plans for developing the graser are confronting var-
ious interdisciplinary problemsr At present a major 
problem is to identify the proper element from the 
the periodic table, for lasing action. A laser-grade 
database of nuclear properties requires highly pre-
cise experiments for the nuclear prolperties. At Los 
Alamos National Laboratory^'^" scientists have on 
the- basis of nuclear structures, have identified cer-
tain elements for graser action. In them, they have 
identified some pairs of the isomeric states (Ufetimes 
> 5 seconds) with short-lived levels within a specifi-
ed excitation energy window of width 1-5 keV, for 
example the elements OS, Te, La, Lu, Hf, etc. They 
have also found that odd-odd nuclei in the rare-
earth region would be a likely place to begm a 
search for potential graser candidates and in parti-
cular '^ ^Re as a viable candidate^". The Rochester-
Stanford joint research programme^' for the evalua-
tion of graser candidates has developed an experi-
ment using a tandem Van de Graff accelerator for 
the study of high spin states in deformed nuclei on a 
recoil mass spectrometer. Tangible results from the 
programme are awaited. 
At University of Texas, Dallas, a group working 
under the Strategic Defence Initiative project" -'"'^ 
with the aid of an X-ray flash lamp delivering high 
peak powers of hard X-rays at high repetition rate of 
about 100 Hertz, is investigating the feasibility of 
several graser materials. In some selected cases, this 
investigation can also be performed in a little time 
by means of using either the laser plasmas or large 
electron beam machines'''' producing the synchro-
tron radiations but the economics involved do not 
permit for a large number of examinations. 
Isomer separation—It is clear that for developing 
a graser based upon nuclear transitions one has to 
invert the ground state population to the isomeric 
level and to separate such levels from the rest of the 
other nuclear reaction products to get the isomeric 
enrichment. In literature, there are some laser tech-
niques for isomer separation, analogous to laser iso-
tope separation. These are: (i) resonance ionization,, 
in which the ionization step is performed by laser 
beams. (Dyer, et al?^ have demonstrated the isom-
erically selective photoionization of "^Hg nuclei); 
(ii) optical piston, in which the separation is done by 
exciting of the isomeric atoms from the rest of the 
mixture, being kept in a capillary cell^ ^ for instance 
the case of atoms like sodium^''; (iii) atomic beam 
method, (a) in which the isomeric atoms in a beam 
are first optically pumped into particular magnetic 
substates with a circularly polarized laser (They can 
then be filtered by means of a magnetic-moment an-
alyzer' ) and (b) three laser beam technique^^, viz. re-
sonance ionization of '"^Eu and (iv) photochemis-
try, chemical separation of the excited atoms pos-
sessing the isomeric nuclei. 
In radiochemical methods^ the enrichment of 
isomeric nuclei, being produced in nuclear reac-
tions, is achieved through Szilard-Chalmers pro-
cess, in which recoil energy of the nucleus is greater 
than the chemical binding of the nucleus in a com-
pound. 
Proposals for pumping radiations—The use of 
nuclear transitions for generating stimulated emis-
sion in ultrashort wavelength region has been pro-
posed nearly 25 years ago, the proposals given for 
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pumping the population to a suitable Mossbauer en-
ergy level will be reviewed briefly. In practice, the 
pumping radiation must be intense—to provide an 
adequate concentration of active isomer, efficient— 
so that a negli^ble part of pumping radiations be ex-
pended in heating, and specific—so that the host 
may not be polluted. Thus, a viable pumping pro-
cess for graser development is through Mossbauer 
and Borrmann effects. But the time required in the 
whole process, i.e., to activate, separate, concentrate 
and crystallize the isomeric nuclei, demands much 
longer transitions (about 10"^ second). Moreover, 
for long-lived nuclear transitions, the resonance 
cross-section is far less to meet the line-broadening 
requirements. On the other hand, the high intensity 
pumping may overheat or destroy the sohd host 
which must support recoilless emission. 
Two-step pumping—Despite of several propo-
sals '^^ ^ no one has succeeded in beating this dilem-
ma. At present, the two-step pumping scheme seems 
to be the best proposal, which will now be discussed 
in detail (Figs 1 and 2). This scheme for reducing 
pumping power envisages embodying a 'storage is-
omer' into a host and then transferring the popula-
tion from the isomer to a Mossbauer level that can 
lase. It requires a short-lived and broad level very 
close (in energy) to the storage level. 
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In a two-step pumping scheme the existence of 
the transfer level cannot be resolved unless some 
special spectroscopic techniques are involved. 
Haight et al}^ have suggested the possibility of ex-
ploiting broad-band radiations to excite such a level 
and then to confirm its existence. However, this 
method for searching such transfer levels would be 
useful only under some very restrictive conditions. 
If such a suitable graser candidate exists then the 
production and separation of the isomer nuclei from 
other nuclear products have to be tailored. At pres-
ent, it can be done at least in some particular cases 
as discussed earlier. The feasibility of this scheme 
also depends upon the rapid and efficient popula-
tion transfer process. 
Optical pumpin^-^^-^°]—Two-step upconversion 
processes for optically pumped nuclear reactions 
can be divided into coherent and incoherent catego-
ries. The viabihty of these pump schemes depends 
upon the suitable nuclear material as well as on the 
efficient path of cascading from the intermediate 
short-lived level to the upper laser level. 
The schematic diagram (Fig. 2) depicts the ener-
getically excited levels of a typical nucleus of inter-
est to the development of a graser. The arrow (1) m 
Fig. 2 illustrates the incoherent pumping of the sto-
rage level through the absorption of X-rays (from la-
ser plasma or an exploding wire) that are resonant 
with the energy separation between the storage level 
and the next higher level of proper symmetry; the 
arrow (2) represents coherent pumping through the 
non-resonant absorption of a photon from the radi-
ation field in order to create a virtual or dressed 
state of excitation. Ultimately the graser output re-
sults from the upper laser level populated by a cas-
cade. 
intermediate level 
storage level 
2""«*. 
through excitation 
and Isomeric 
level Separation 
virtual level 
1' t f upper laser 
level 
grourxJ 
state 
lower laser 
level 
Fig. 1 —Essential operations in the two-step pumping concept 
(ref. 8) Fig. 2—Coherent and incoherent pumping schemes (ref. 31) 
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In a coherent pumping technique the nuclear 
isomeric state is excited to a virtual (or dressed) 
state with high intensity optical pumping (the anti-
Stokes upconversion of conventional laser radiation 
Fig. 2). The populated virtual level decays to the la-
ser level leading to the stimulated emission. The sti-
mulated emission cross-section for the composite 
process, i.e., transferring the population from sto-
rage level to virtual level and then to decay of the 
virtual level to the upper laser level, can be given by 
the Breit-Wigner value 
a =AV27r . . . (6 ) 
where A is the wavelength of the stimulated emis-
sion. In order to diminish the direct transitions be-
tween the isomeric state to upper laser level, the nat-
ural width has to be preserved. 
The possibility of the temperature rising in the 
pumped dressed layer can be avoided by diluting 
the active nuclei in a low Z host, like 'Be. Quanti-
tatively it has also been computed^" that for a criti-
cal intensity of 5.3 x 10^ W/cm^ and a typical 10'' Hz 
spurious broadening, the threshold fluence should 
be 167 mJ/cm^. This proposal describes a model 
with a laser medium of length 1.0 cm and a filament 
of diameter 0.04 cm and the requirement that each 
pump photon make ten trips of the laser medium. 
For this, pumping threshold would be about 26 J in 
a pulse of duration 300 nanosec and the output ob-
tained will be 66 J at 10 keV. Moreover, the laser 
threshold might be further reduced by manipulating 
the bulk ferromagnetic or ferroelectric properties of 
the material in which the nuclei are diluted^^- '^. 
As against coherent pumping in the incoherent 
pumping of nuclear material, the resonant excitation 
of energetic states of nuclei is done by the X-radia-
tion from laser plasmas or exploding wires. Theor-
etical estimates show that a transfer level decaying 
after 10 picosec through an El-transition to the up-
per laser level with 10 keV will have 6.6 x 10"^ eV 
bandwidth, assuming, the complete resonance be-
tween the pump and transfer level. So the complete 
fluence from the optical to the upper laser level can 
be built up for a time equal to its lifetime (1 to 10 
nanosec). 
For an X-ray laser plasma source (radius R of 
about 30 fim and lengtii L of about 0.1 cm), the to-
tal population of upper laser level is given by 
N, = (no,N,M27iRL) (7) 
where n is the number of X-ray photons produced 
in the source during the Ufetime of upper laser level, 
A^„ is the concentration of transfer level and a^ is the 
Breit-Wigner cross-section for the X-ray wave-
length. This model further suggests that a relative 
fraction of about 10"^ eV of the line energy would 
be used in El transitions. For an X-ray energy 
around 10 keV, the threshold value is 10 Joules in 
the X-ray line and results in a threshold fluence of 
131 J/cm^ for a 10 keV output transition. However, 
this threshold can further be reduced by manipulat-
ing the properties of the material embedding the 
nuclei. A recent experiment with the '^ '^ Ta nuclei^^ 
shows a two orders of magnitude larger cross-sec-
tion for pumping the fluorescence from the isomeric 
state to the nearest broad band level. Experiments 
with the ^^Br and ^'Se show an eleven orders of 
magnitude increase in the pumping intensity over 
the direct excitation processes^^. 
Miscellaneous pumping techniques and graser 
proposals—Am alternative to direct photoabsorp-
tion for pumping the nuclear transition from the sto-
rage isomeric level to the short-lived level is the pos-
sibility to induce transfer by exciting the atomic 
electrons with ultraviolet lasers at lO'"* to 10'^  
W/cm^ intensity leading to strongly mixed atomic-
nuclear states'^'^^. Since the electron system in the 
near field of the nucleus possesses large multipole 
moments and broad resonances, such mixed states 
can supply energy, angular momentum and parity to 
the storage isomer level either through resonant or 
through the collective electronic excitations. The 
lowered multipole moments for the isomeric level 
decay bring a large change in the internal conver-
sion coefficient which ultimately decreases the life-
time of the isomeric state. This approach may relax 
the pumping problems by direct field induced trans-
Nuclear superradiance—The pumped upper laser 
level (Fig. 2), assuming ideal conditions for material 
selection, isomer enrichment and a viable pump 
scheme required to develop a graser with a two-step 
pumping mechanism, wUl yield the amplified gam-
ma radiations. The ordinary stimulated emission 
processes in gamma ray region require good mirrors 
for such short wavelengths which do not exist yet. 
Moreover, the large internal conversion coefficient 
in Mossbauer transitions rapidly depopulates the 
upper laser level and hence leads to poor inversion 
density. Therefore, on considering the line-broad-
ening calculations, the ordinary laser amplification 
requires a long buildup time. For these reasons the 
preferred coherent gamma ray emission mechanism 
from the upper laser level is to be superradiance. 
The intensity and pulse width of a superradiant out-
put pulse varies as N^ and N" ' , respectively, where 
N is the population enrichment in the superradiant 
upper laser level. Such a state can be formed in a 
single crystal of low absorption coefficient for the 
outgoing radiations''""'". Feld and Baldwin** "*- have 
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given model supperradiance calculations '^^  for ''"^ Sn 
(diluted in diamond) and for '"Ba (in borazon). 
The major nuclear proposals for constructing gra-
sers have been presented in the preceding sections. 
Attention is now turned to some additional ideas 
which are currently in preliminary stage only. The 
optical pumping for transferring the population 
from the storage level to the short-lived state (Fig. 2) 
requires an energy fluence^'^^ of about 131 3/cm-
to be deposited in the graser material which pro-
duces a pressure of 10* N/cm^ and temperature of 
about 10* "K provided the lifetime of short-lived le-
vel is about 10"*" sec. Such a high temperature can 
abolish the Mossbauer conditions. An alternative 
proposal to beat this dilemma by means of electron-
ic heal conduction under high pressure, is given by 
Winterberg"^. It suggests that the graser material be 
kept either in a static high pressure or in a high ex-
plosive pressurising geometry (Fig. 3). Provided the 
outer medium is of good heat conductivity and at 
low temperature, the graser material can be made to 
lose sufficient heat within the pumping time. 
Hoy"*^  has suggested an experiment for searching 
long-lived Mossbauer nuclear levels with lifetimes 
of about 1 sec, which may be exploited in develop-
ing a graser. At present no such level is known. Since 
the high intensity pumping of population from an 
isomeric level to Mossbauer level may destroy the 
Mossbauer and Borrmann conditions, Andreev el 
al*'' have proposed an alternative "Q-switching" 
multi-pumping process. According to this the popu-
lation from isomeric storage level may be trans-
ferred to a nearby short-lived level by several pump-
ing pulses. The width of each pumping pulse is su-
pposed to be much smaller than the transfer level 
lifetime. 
In addition to the above proposals some other 
ideas based upon giant resonances, nuclear hole 
•xlernoUy appliMl pressure 
V 
conical laser beams 
(opUcaU 
metallic tomp under high 
pressure and at low temperature 
Fig. 3—Rapid heat-removal under high pressuretref. 45) 
states and nuclear excimers have also been men-
tioned but no detailed work has been reported yet". 
Graser Proposals on e"*", e~ Beams Basis 
Interaction between an electron beam and two in-
terfering laser beams—This proposal'*'*"''', analogous 
to free electron lasers, explores the possibility of 
amplifying the scattered radiation of two interfering 
laser beams of nearly same frequency and same in-
tensity to produce coherent gamma rays. It has been 
shown that in a particular interaction geometry (Fig. 
4) the probability for producing the coherent gam-
ma rays may be appreciable. In this gcomctrv an 
electron beam crosses a periodic structure o\ inter-
ference fringes produced by two laser fields An 
electron undergoes a scattering process wuh the 
photons and hence the photons are scattered in ar-
bitrary directions. These photons may be backscat-
tered along beam 1 or 2 through an inverse Comp-
ton scattering. If the electron energy is high enough 
to back.scatter the photon along beam 2 'in the op-
posite direction) then the .scattered photon gams en-
ergy from the relativistic electron beam. L'ndei the 
particular angular conditions, the photons backscat-
tered by each fringe may add in phase, so that tlie to-
tal probabiUty for producing coherent gamma ladi-
ations is proportional to A'-, where N is the total 
number of fringes that a photon crosses If 0. the 
semiangle between the two intertenug CO. laser 
beams of 10.6 fim wavelength, is about I °, then a re-
lativistic electron beam with velocitv - ().999S c, c 
is the velocity of light, can result in a scattered beam 
of 3 X 10'** Hz. Although, this proposal has been 
successful in producing the generation of gamma 
% : .^; 
<^ 
^2 Ceex^ 
lElectron 
'Beam 
Fig. 4—Geometry for the production of gamma rays (ref. 48) 
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ray photons with good polarization and monoch-
romaticity properties'*'^ , it requires refinements due 
to the energy spread of the interacting electron 
beam, and some other effects. But it is hoped that 
the fundamental physics will not be changed by 
these effects. 
Electron-positron graser—A novel approach for 
developing the grasers comprises induced annihila-
tion of particle-antiparticle bound states in positro-
nium to coherently amplify gamma radiation^"". 
Moreover, Ref. 53 proposes a graser system 
through the relativistic electron-positron super-
pinch effect. 
Induced annihilation of para-positronium 
atoms—The ground state of the Ps atom splits into 
singlet (para-Ps) and triplet (ortho-Ps) energy levels. 
After annihilation para-Ps decays (decay time, 7;,, 
about 10"'" sec) into two photons of equal energy in 
opposite directions while in ortho-Ps (decay time 
about 10 """ sec) into three photons of different ener-
gies. 
For para-Ps-atom annihilations, the total cross-
section^" for the scattering of a photon on a station-
ary Ps-atom is given by 
o(x) = {jic'~/m').f(x) . . . (8 ) 
where x ="hfl;/mc- depends on the incoming angu-
lar photon frequency, a», the angular frequency of 
photon, m and e are the electronic mass and charge 
respectively, c is the velocity of light and f{x) is a 
function in x. The function a (jc) varies as 
a(jt)~l/jc;asjc—0 ,g. 
o{x)~ l/jr^;as jr—00 
The number of annihilations per second of para-
Ps atoms in a black-body radiation field can be ex-
pressed as 
dA /^d/dA: = (-l/7r)-(mc-/fi) 
xa''[Nx~f{x)/exp(ax)-l)] . . . (10) 
where N is the total number of para-Ps atoms, h the 
Planck's constant, a the fine structure constant and 
a^mcykf^T ... (11) 
where k^ is the Boltzmann constant and T is the 
temperature of the medium. 
For a> \, i.e., k^ T< mc", or at low density, the 
number of annihilations per second can be given as 
dN/d/ = (-jr/6)(aV«-)(mc-/h)N . . . (12a) 
while in the limit a < \, i.e., ^ B ^ ^ mc-, it is 
d/V/d/ = (-aV;r)(mc-/h)(|lnfl|/fl)N . . . (12b) 
Thus, for a> \, the spontaneous decay rate i.e.. 
- N/%, dominates over the induced annihilation 
whereas the limit k^ TP mc- is important for deve-
loping a graser because here the induced decay 
dominates spontaneous decay. It has also been 
shown that the possibiHty for induced two photon 
decay of para-Ps atoms as a graser is maximum at in-
cident photon frequency of v/2, where v^ is the 
Compton frequency for para-Ps atoms''". 
At Lawrence Livermore National Laboratory' 
scientists have also started some experimental work 
for developing the electron-positron graser^-. It can 
also be shown''' that the coherent amplification of 
gamma radiation is possible for a dense {n> 10"' 
cm^ )^ and cold (T< 10'* °K) electron-positron plas-
ma. Such conditions can be achieved in astrophysi-
cal objects such as pulsars, white dwarfs or black 
holes. 
Relativistic electron-positron graser—A propo-
sal''^  for developing an electron-positron graser has 
been given on the basis of relativistic electron-posi-
tron superpinch leading to a population inversion 
into a dense plasma state. The superpinch i.s 
achieved through the fusion of two relativistic elec-
tron and positron beams of equal energy and den-
sity (Fig. 5). Then under certain conditions, it will 
shrink in its diameter by relaxing heat through the 
'f/////m//mm Z'-' 1 centimetre 
^ •1 centimetre 
ii-\. 
<: 1 centimetre 
\ 
synchrotron radiation 
^ \m\\\\\\\m^ rentimetre 
-7 
••• = 10 centimetre 
gamma ray beam 
F ig. 5—Superpinch of two electron and positron beams {ref. 5 3) 
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emission of synchroton radiation. In the relativistic 
case the annihilation cross-section is 
o, =- nQ'{\ - vVc^)ln.[2(l - vVc'-)]/m'c- (13) 
where v is the relative velocity of the electron and 
positron beam, while in the non-relativistic case it is 
jie^/m-c". Therefore, this reduced cross-section in-
creases the time required for pair aimihilation 
{2/no^c; n is the number density of plasma) such 
that it becomes much larger than the time needed 
for the pinch of initial diameter, 2r, to fuse i.e., about 
r^mc (1 - v^/c^)e"^. And hence in such plasmas the 
very high densities without destroying the popula-
tion inversion can be achieved. To explore this idea 
in a graser, the reduced axial motion of the electrons 
and positrons is required, which for instance in the 
case of collapsing two relativistic electron-positron 
beams of size 1 to 10"^ cm, the electron-positron 
plasma would have to be established by the fusion of 
two 1.7x10^ amperes, 70 MeV electron-positron 
beams; this may be possible by exploring the very 
large magnetic fields of about 10'^  gauss available in 
plasmas. 
Exploiting the large magnetic fields generated in 
laser-produced plasmas, Loeb and Elizer^^ have 
shown the possibihty for constructing a plasma wig-
gler that may cause electron beams of 10^ eV range 
to emit coherent ganmia rays. A proposal given by 
\^sotskii and Kuzmin^'' shows the possibility of sti-
mulated coherent gamma ray emission at wave-
length about 1 nanometre by channeling a relativis-
tic 50 MeV positron beam of current density about 
10^  A/cm^ through the zeolyte (asbestos fibre) me-
dium. 
Applications of Grasers 
The high energy, short wavelength, coherent, 
monochromatic and directional graser beam may 
bring a new revolution in modern science and tech-
nology as the optical lasers did in the early 60's. Al-
though, the full range of graser applications can only 
be predicted on the basis of its development, it is a 
human propensity to speculate the applications on 
the basis of present understanding (Husain J, unpu-
blished). 
A graser proposed on the basis of nuclear trans-
itions can store about 10 '^ W/litre of its active medi-
um, which is about 0.01% of the total electromag-
netic power radiated by the Sun. This corresponds 
to an output energy of about 10'' Joules per pulse. 
Such grasers would make a powerful package 
which can be exploited in a space satellite to destroy 
enemy weapons^*. Such high energetic grasers may 
destroy large asteroids approaching dangerously 
near the earth. Similarly, they may also be used in 
removing junk in near-earth and geo-synchronous 
orbits of space satellites and in other macro-engi-
neering projects. Grasers like lasers"'' may possibly 
also have some significant applications in space-ship 
propulsion and in interstellar probes. An electron 
interacting with a graser beam is likely to undergo 
some interesting physics in the form of reflection, 
transmission or trapping"**. 
Balko''^ has indicated the possibility of exploring 
the strong Mossbauer radiations from grasers as an 
efficient tool for classifying the various dynamic 
processes occurring in molecular systems. The high 
momentum of graser photons might exert very 
strong forces and hence may be exploited in isotope 
separation, novel vacuum pumps, cavitation and 
novel accelerators. The graser photons may be 
above to provide escape or orbital velocity to dust 
particles and hence may be useful in removing the 
harmful effects of nuclear winter'^ '*. Graser beams 
may be exploited in producing large pressures 
which might be used for fusion of nuclei, metallic 
hydrogen and inverse beta-decay. Another applica-
tion foreseen is in plasma-heating. 
Graser interferometry may be a powerful probe 
for the detection of gravitational waves. Non-hnear 
effects in gamma-ray region might be useful in com-
munication. The short wavelengths of graser beams 
may yield fruitful applications in determining crystal 
structures and in removing the crystal defects. Gra-
sers may be useful in molecular holography but it re-
mains to be seen whether molecules can be saved 
from destruction before the formation of the holo-
gram'. 
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Since the d'^monstration of laser action in ruby 
crystals, in 1960, rapid developments have made it 
impossible to provide a comprehensive Ust of fea-
tures of different laser systems. Various kinds of sol-
id, liquid and gaseous media have extended the 
wavelength region of lasers from far infrared to soft 
X-rays. The physics associated with the Eienstein 
formula for spontaneous and stimulated emission 
probabihties shows that, in principle, amplification 
by stimulated emission can be achieved upto all 
wavelengths larger than one picometre. In the pres-
•XQI 
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ent decade scientists have obtained coherent soft 
X-ray emission. At present scientists of Rutherford 
Appleton Laboratory (UK) and Osaka University, 
Japan, have demonstrated laser action at 4.533 na-
nometres. Work is now concentrated on the deve-
lopment of even shorter wavelength gamma ray la-
sers (grasers). The key to develop such a laser lies in 
an interdisciplinary approach and involves the 
knowledge of various branches of physics and engi-
neering. This article first highlights the features of 
X-ray lasers together with their promising appUc-
ations. It is a general feeling that the atomic trans-
itions may not lead to the generation of coherent ra-
diation in ultrashort wavelength region (10"^ 
<A<2.0xlO"* cm). However, nuclear trans-
itions, unlike the atomic or molecular transitions, 
confront various problems, viz., reco'il shift and 
phase shift. Moreover, the dominant mechanism for 
the nuclear transitions of interest to grasers is the 
ejection of electrons, not photons. The dominant 
absorption mechanism for photons is again elec-
tronic, not nuclear. The exploitation of Mossbauer 
effect in single crystals may lead to get rid of these 
problems, about which we discuss in detail. The ar-
ticle then discusses the progress of research for the 
search of viable graser candidates and pumping me-
chanisms. The problem of non-availability of gam-
ma-ray mirrors implies that use must be made of 
nuclear superradiance. We then describe the graser 
proposals based on electron and positron beams, 
first in analogy with free electron lasers and then the 
possibility for generation of coherent gamma-rays 
from the induced annihilation of para-positronium 
atoms. We also siunmarise the possibihty in a head-
on collision mechanism of the two relativistic elec-
tron and positron beams and also includes the other 
miscellaneous ideas to develop a graser. The grasers 
proposed on nuclear transitions may store about 
10^' Watts per litre of their active medium. Such an 
enormous energy may lead to a large number of ap-
plications and we list the proposed applications of 
grasers. At the end, the article includes an up-dated 
bibliography on the subject. 
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ABSTRACT 
We present a model calculation for the interaction of an 
electric dipole with a gamma ray laser (graser) beam through 
different orientations. It is found that the interacting dipole 
with a plane electromagnetic wave can be either unaffected or can 
rotate without affecting the translational motion or can rotate 
with either accelerated or decelerated translational motion. 
I. Introduction 
The development of ultrashort wavelength coherent radiations 
has recently become a challenging area of research for the 
developers of new lasers. At the present state of the art a soft 
X-ray laser action at 4.5 nm has been realized (New Scientist 
1988) and efforts to develop even shorter wavelength gamma ray 
lasers (grasers) are going on (Husain and Gupta 1990, Balko et al 
1989 and Baldwin et al 1981). Such highly energetic coherent 
radiations may lead to a large number of applications (Husain and 
Gupta 1990 and Hecht 1987). 
Recently we have reported a model calculation for the 
interaction of a charged particle with a graser beam (Gupta et 
al 1990). In this paper we provide a short generalized treatment 
of the effect of a plane electromagnetic wave graser beam of 
finite diameter on a rigid electric dipole. 
II. Interaction of Electric Dipole 
Let an electromagnetic plane wave of the graser beam be 
propagating along the positive z-direction and a non-relativistic 
electric dipole with charges +q at (xj^ , y^ ,^ zj^ ) and -q at (xn, 
y2» 22^ separated by a distance 2r be moving towards the 
positive x-direction (see Figure 1). The masses of the two 
charges are supposed to be the same, say m. 
The electric field intensity (E) at any time t inside the 
graser beam is taken to be constant in x-y plane behaving as a 
plane wave, i.e., 
E = EQ COS (wt - kz + <^ ) (1) 
where E^ is the maximum amplitude of the electric field. cj and 
k are the angular frequency and the magnitude of the wave vector 
k (= 27r/A), A being the wavelength of graser beam, and <^  is the 
phase angle. We have recently shown (Gupta and Husain 1990) that 
a non-relativistic charge particle in an electromagnetic field of 
a graser beam experiences a major part of the total force (the 
electric, magnetic and the radiative reaction forces) due to the 
electric force. Therefore, as a model calculation. the 
interaction of a non-relativistic electric dipole with a graser 
beam can also be approximated as the motion of the dipole in the 
oscillating electric field of the graser beam. 
The rotational equation of motion of the dipole can be given 
by the torque (*f) as: 
where ^ is the 3 x 3 moment of inertia matrix and •< is the 
angular acceleration. 
In full form this is given by 
^ 1 i^  -vn(x,>f,-f\^ J •m(xy'^f-li) -^(V,^l,•+Nl^J 
Case V. Dipole in x-y plane 
If we consider the dipole lying in x-y plane (z« = zo = 0) 
with its centre moving along the positive x-direction inside the 
graser beam, then there will be equal but opposite forces, F, on 
the two charges. These will form a couple so that the dipole 
receives a torque in z-direction (see Figure 2). 
3 
Therefore equation (2) gives 
fj. = 2mr2o<2 
= 2mr2 (d^g/dt^) (3) 
where © is the angle that the dipole makes with the positive x-
direction. 
But Xz - rF sin 9 
where F is 
F = qE^ cos (cc)b + 4)) 
Equation (2) becomes 
rqE0 cos (at + ^) sin© = 2mr^ ld^e/dt^:> 
or 
d^e/dt^ = A cos (tot + (|>) sine (4) 
where A = (dE0/4mr^) and d is the dipole moment (= 2qr) 
Now we consider different cases of dipole orientations 
interacting with the graser beam. 
Let us consider the case in which the dipole enters the 
graser beam with y^ - 72 and Zj = ^2- Then there will be two 
equal and opposite forces on the two charges, producing a total 
force on the dipole of zero, and the dipole will continue to move 
with its constant initial velocity along the positive x-
direction. 
The graser beam can rotate the incoming dipole through an 
angle of 2Tr as well as oscillate it. For example, let us 
consider a dipole in x-y plane lying along the y-direction at t = 
0. If the angle of displacement of dipole, 0, in time TT/ui (after 
which the direction of electric field strength E gets reversed) 
is greater or equal to "TT, then the different stages of angular 
displacements are shown in Figures 3 and 4. 
l^i 
Since the direction of torque is the same at each time, 
rotation of dipole through a complete circle will occur. 
Conversely if we assume a case in which the dipole rotates 
by an angle, 6 < 1J72 in time T/&J, then the different stages of 
angular displacements are shown in Figures 5 to 8. Figure 5 
shows the angular displacement of the dipole at time t, within 
the interval 0 ^ t ^ ir/<*), during which the direction of electric 
field strength remains same. 
At time "^/ti, the angular displacement is 6, and the angular 
velocity of the dipole, d©/dt, becomes maximum. At the same 
time the direction of electric field (E) gets reversed uptill t 
^ 2 TT/w. During this time interval the torque will act as a 
restoring force untill the dipole comes to rest at time t = 27^/^. 
At this instant the total angular displacement of the dipole 
from its original position would be 29 (see Figure 6). After 
time t = 2T/«). the direction of electric field strength E will be 
again reversed and thus the dipole will start to rotate in the 
opposite direction (see Figure 7). In this way, if the dipole 
rotates by an angle 8- < ir/2, in time TT/^ ), then the graaer beam 
produces an oscillatory motion in the dipole. 
Case 2: Dipole in x-z plane 
Now if we consider the dipole in x-z plane so that its centre 
moves along the positive x-direction, then since Zj^  ^ ^2, the 
elctric field forces on the two charges F^ (on +q) and Fo (on 
-q) respectively, are not equal (see Figure 8). We have 
Fj^  = qE^ cos fut - kr sin © +«t>) 
(since Zj^  = r sin 9) 
F2 = -qEp cos fu)t + kr sin © + <^) 
(since zo = -r sin ©) (5) 
and these two forces on the dipole will be equal to the sum of a 
couple of smaller force F (= Fg if |Fj^ | > IFgl or Fj^  if (F^ l < 
jFol) which provides the rotational motion to the dipole and a 
force f (= |Fi|«/^ |F2l) which provides the translational motion to 
the dipole. 
Now if IF<) > 1^2' then the equation of rotational motion 
will be governed by the torque 
Ty = r|F2l sin ©. 
Or, 
Ty= rqE^ cos (4Jt + kr sin Q + 4*) sin © (6) 
while ^x = "^ z = '^^ 
f °\ 
Thus, 
The equation of rotational motion becomes from equation (2): 
0 -^ihz,-^)(x.z.i) 
X 
^-mlXf^t-^H^i.) O 
tv). 
X* y = 2mr e^y 
= 2mr2 (d^/dt^) 
and from equation (6), we have 
rqE^ j cos (Vt + kr sin 9 -•- ^ ) sin © = 2mr2 (d^Q/dt^) 
or, 
d^e/dt^ = A cos (tipFt + kr sin e + </5) sin © (8). 
For translational motion, the equation is 
f = M (d^x/dt^) 
where M is the total mass of the rigid dipole. Thus, 
Mld^x/dt^) = 2qEo sin (oit + <f) sin (kr sin 6) (9). 
By substituting the solution B = e(t) obtained from equation (8) 
into equation (9), we can get the solution for translational 
motion of the dipole inside the graser beam. 
Notice, if (Fil > IFol then the rotation will be in 
anticlockwise direction and the force f responsible for the 
translational motion will be in the positive x-direction. Thus 
the dipole moving in x-direction receives acceleration. On the 
other hand if \F^\ < (F2I then the rotational motion will be same 
as it is in the previous case but the force f will be in the 
negative z-direction. Thus the dipole moving in the positive x-
direction will feel a deceleration. And in a particular case the 
dipole may be reflected. 
III. Conclusipn 
Thus through a generalized treatment we have qualitatively 
seen the interaction of a rigid dipole with a plane 
electromagnetic wave of finite beam-width. The dipole can be 
either unaffected or can rotate without affecting its 
translational motion or can rotate with either accelerated or 
decelerated motion. 
It has been estimated that a graser proposed on the basis of 
nuclear transitions can store about lj3^ ^ watts per litre of its 
7 
active medium, which Is about 0.01% of the total electromagnetic 
power radiated by the Sun (Hecht 1987). If we consider such a 
-3 graser beam of diameter of about 10 m, then the electric field 
strength of the graser beam can be taken as E^ = 1.7 x 1 0 ^ 
volts/m, while the electric field strength coming out from the 
ordinary lasers is of about 10 volts/m (Laser Focus World 
Buyers' Guide 1989). Thus such effects can not be observed in 
the case of interacting dipole with an ordinary laser beam. 
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Figure Captions 
1. Figure 1 : A graser beam and incoming dipole 
2. Figure 2 : Dipole in x-y plane 
3. Figure 3 : Dipole rotation for 0 ^ t ^ T/io 
4. Figure 4 : Dipole rotation for TRw ^ t ^ 2V«o 
5. Figure 5 : Dipole oscillation for O ^ t ^ '"'/lO 
6. Figure 6 : Dipole oscillation for W^ 4 ^ 4 2Tr/'^  
7. Figure 7 : Dipole oscillation for Z'^/O ^ t < 3T/to 
8. Figure 8 : Dipole in x-z plane 
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Abetract 
In this paper we report a model calculation for the 
interaction of a free non-relatlvlstlc electron with a gamma-
ray laser (graser) beam for both spatially independent and 
spatially dependent electric field strengths of the beam (for 
0 and Tr/'2 radians phase differences between the electron and 
the electric field). Our calculation shows reflection, 
transmission' or trapping of the electron. We also indicate 
the other terms to include in this calculation for a more 
realistic interaction. 
1.Introduction: 
With the development of X-ray lasers, with wavelengths as 
short as 4.533 nanometres (New Scientist, 1988), scientists 
have seriously begun to explore the possibility for the 
generation of coherent gamma-rays (Husain et al. 1990 and 
Baldwin et al. 1981). Recently in our short note (Gupta et al. 
1990) we presented a model study of the interaction of a charge 
particle with a gamma-ray laser (graser) beam. We have shown 
the classical behaviour of a non-relativistic electron in a 
graser beam (for the case of lT/2 radians phase difference 
between the electron and the electric field strength of the 
beam) resulting in reflection, transmission or trapping of the 
electron. 
In this paper we are reporting the behaviour of a non-
relativistic electron in the graser field for both (0 and 7r/2 
radians) phase differences. In section 2 we have formulated 
the classical equation of motion of a non-relativistic electron 
in the graser field. Section 3 first e.xplains the behaviour in 
the simplest case in which the electric field strength of the 
graser beam is assumed to be spatially independent. It next 
describes the problem in a spatially dependent electric field 
and for two different phases. Section 4 concludes our 
calculations as well as proposes other possible terms to be 
included in the equation of motion for calculating a more 
realistic behaviour of a relatlvistic electron in the graser 
field. 
2. Interaction of an Electron with a Graeer Field: 
We first wish to formulate the interaction of an electron 
with a gamma-ray laser. We are assuming the graser field to be 
a plane wave and the free electron to be non-relativistic. 
The expression for the time and spatially dependent 
electric field in a plane wave travelling in the positive z-
direction and polarized along the x-direction (Figure 1) is 
given by 
E(x,t) = EQ COS (kz -tit - <^) exp (- x^/R^) ...(1) 
where EQ is the constant electric field of the wave, k is the 
magnitude of the pi'opagation vector k of the wave, coand <|> are 
its angular frequency and phase parameter, respectively, and R 
is a parameter representing the beam width. 
If the non-relativistic electron is moving in the x-
direction then the equation of motion of the electron inside 
the beam is governed by the Lorentz force equation F = q(E + v 
X B), where v is the velocity of the electron interacting with 
the graser beam. 
But the study of radiations ejected from moving charge 
particles in the field of an electromagnetic wave yields an 
additional force acting on the particle which alters its 
motion, commonly known as the radiation reaction force (Fy^ ad^  
(Jackson 1975). So the total force exerted on an electron in 
the graser field should be 
4-
^total = F + Fj^ ad 
^total = <1(E + V X B) + (2q2/3c^) d^v/dt^ ...(2). 
Here the force exerted by the magnetic part of the graeer field 
(F„ofl = qEv/c), because of the factor v/c being very small 
compared to unity for a non-relatlvistic particle, can be 
neglected in comparison with the force exerted by the electric 
part of the graser beam. 
For graser parameters it can also be shown that the 
radiation reaction part of the total force exerted on the 
moving electron is much smaller than even the magnetic force 
(see Appendix A). Tlierefore, the electric force acting on the 
electron in a graser field is the most important force for 
studying its behaviour. 
Thus on the basis of the discussion so far we are left 
with the equation of motion as d(mv)/dt = qE(x,t) or 
d^x/dt^ = (qE^/m) cos (tjt + <^ ) exp (-x^ /R^ ) ...(3). 
Here we have taken z = 0 (Figure 1). 
3. Calculation and Results: 
In order to study the response of a free electron in the 
field of a graser in non-relativistic regime one has to solve 
the differential eq, (3). Since such a type of equation can 
not be solved directly, one has to solve it numerically. 
First, we will attempt to solve it with a model 
approximation, i.e., by ignoring the spatial dependence of the 
oscillating electric field so the eq. (3) reduces to 
d^x/dt^ = (qEo/m) cos (cot + <^ ) .-.(4) 
yielding the velocity of electron v(t) inside the graser field 
as 
v(t) = dx/dt 
= iqE^/mCO) sin (cot + 4>) - (qEo/mOi) sin (^  + v^ .--(5) 
where v^ is the initial electron velocity at t = 0, and the 
position x(t) is 
x(t) = (-qEQ./mto^ ) cos (tot + c|^  - (qE^t/mw) sin^+ v^t 
+ (qEQ/mto ) cos + x^ ...(6). 
Numerically, for graser parameters, the photon energy is 
in the range of about 10 keV to about 100 keV. Tlie angular 
frequency, to, corresponding to about 40 keV per quantum is 
1 Q 
about 2if X 10 radians per second. And as a typical ease the 
beam-width parametei^ of the graser beam may be as great as 3 x 
lO^-'- Watts per litre of the graser material (Hecht 1987) which 
would correspond to 1.7 x lO"'-^  Volts per metre of the electric 
field, EQ. 
In the spatially independent electric field case there is 
no field outside the graser beam-width parameter, R. So in 
order to see the behaviour of the electron in the field, the 
initial values of the position and velocity of electron can be 
taken as x(t=0) = XQ = -R = -5.0 x 10""* metre, and VQ = 10^ 
metres per second. 
Let T, the transit time, be the time taken by the 
electron in croselng the graser field (beam) from x = -R to x = 
R, which can be evaluated as 
T = 2R/(VQ -(qEQ/mtO) sin 4)) -.-(7). 
This will be true provided (qE^ /mco^ ) « R, which is well fitted 
in our calculation. Eq. (5) gives the velocity at time T as: 
v(T) = (qEQ/mw) sin (wT + j>) - (qE^/mw) sin (^  + v^ .-.(8). 
For phase parameter o = 0 radians, eq. (8) yields: 
V(T)/VQ = (qEQ/mtovQ) sin ^ T + 1, 
From the maxima-minima principle, [v(t)/vQ]jjjg^ j^ j^ j^ y^  = 1 and T = 
2R/VQ. A positive value of the transit time, T, represents the 
transmission of the particle through the graser beam, while for 
d) = 1^/2 radians eq. (7) gives reflection of the electron by the 
field of graser beam. Also for (Jb = W2 radians, if we take v^ 
= qEQ/mu), we find from eq. (7) that T becomes infinite. Thus 
in this situation the electron will be permanently trapped 
inside the graser beam. 
Figure (2), representing the motion of the electron, 
shows the oscillatory motion inside the beam, having phase, 
^ = 0, and for 10"^  metres per oecond Initial velocity. It 
shows a microscopic view of the motion for a short time scale, 
i.e., 2.5 X 10~^^ second. The transit time from T = 2R/VQ is 
about 10~^ second. Since in this case the electric field 
strength is independent of spatial parameters, this oscillatory 
motion of the electron Inside the beam is not going to alter 
"7 
even at the time of leaving the beam. 
From eq. (7) it is clear that if the phase parameter of 
the eraser beam is changed to •Tr/2 radians, transmission of the 
electron into the beam can not occur unless the initial 
electron velocity exceeds the value {<iE^/m (Ai). For graser 
parameters it would be about 4.76 x 10° metres per second. 
Figure (3) shows the behaviour of the electron inside the beam 
at such higher initial velocities, viz. for v^ = 5.0 x 10° 
metres per second. However at this initial velocity, the 
magnetic and relativistic corrections to the given calculation 
become about 1.7% of the electric field force, which is again 
small enough to be neglected. 
After diBcu0oing the above eimplest model calculation, we 
would now like to go back to eq. (3) for further calculations 
by considering the spatial dependence of the electric field 
strength. In this case the field is not only confined within 
the beam width parameter but there will also be a quite 
effective field strength outside the beam which can not be 
omitted. 
3.1 Zero phase 
Eq. (3) can not be solved directly unless some numerical 
techniques are involved. We have attempted to solve it with 
the fourth-order Runge-Kutta method (Andrus 1983 and Dorn et 
al. 1972) using the Digital Equipment Corporation's VAX-VMS 
^ 
11/780 computer system. Figure (4), analogous to figure (2), 
represents the microscopic view for short time scale for the 
behaviour of an electron inside the zero phase spatially 
dependent graser field. It shows the motion as an oscillatory 
one similar to the case where the electric field strength wan 
taken to be spatially independent, the only difference being in 
the amplitude of oscillations. Since the electric field 
strength is not uniform in space, the amplitude of oscillations 
of the electron motion is not the same throughout the field. 
It first increases and goes to maximum at the centre and then 
decreases as the field becomes small. 
3.2 lT/2 phaee 
Let us recall the case of spatially independent electric 
field strength and Tr/2 radians graser beam phase. We have seen 
in this case that the electron can not enter into the graser 
field until its initial velocity exceeds {q^^/moj). Similarly, 
for spatially dependent electric field strengths of the graser 
field, one must have a corresponding cut-off value for the 
initial electron velocity. In this case, using the calculation 
procedure of Section 3.1, we find this value to be about 1.76 x 
10 metres per second, below which the electron is reflected 
from the oscillating graser field. 
Figure 5 shows the interaction of the electron with the 
graser field at 10^ metres per second initial velocity, v^, 
when the initial position of electron is x(t=0) = - lO"'^  metre. 
From this figure it is apparent that the electron first enters 
the field with its own linear momentum but as soon as the field 
ovoroomee it, the electron lo reflected in the backward 
direction. It is found that the reflectory nature of the 
electron into the graser field is exhibited until v^ is raised 
to 1.7556 X 10 metres per second. At this cut-off initial 
velocity the oscillatory motion of the electron inside the 
graeer field is exhibited in figure 6, Figure 7 shows the 
translatlonal motion of the electron Inside the graser field at 
much higher initial velocity, i.e., at 5 x 10 metres per 
second. 
Figure 8 shows the different transit times, T, in which 
the electron crosses the graser beam (10 metre). For this 
part of the calculation we had supposed the initial electron 
position to be XQ = - 5 X 10"'* metre (in order to reduce the 
large CPU time required by the computer). We see that for 
higher initial velocities (above 3.0 x 10 metres i>er second) 
the transit time is approximately same as given by the simple 
kinematics, T = 2R/VQ, but for slightly lower initial 
velocities the motion involves dynamics and the transit time 
abruptly increases as the initial velocity decreases. This 
leads to the trapping of the electron for a long time (at least 
—6 10 " second) inside the graser beam at initial velocities ^ 
1-7556 X 10 metres per second. 
'\0 
4. Conclusion: 
In conclusion we would like to impress the reader's 
attention to the non-sero phase difference {^ - ~^/2 radians) 
between the electron and the electric field strength of the 
graser beam in which the reflection, transmission and trapping 
of the electron is exhibited as a function of initial velocity 
of the incoming electron. Such type of phenomena are not 
observable in the case of ordinary lasers because their 
electric field strengths (about 10 Volts per metre) are not as 
high as the grasers (1.7 x 10^^ Volts per metre (Hecht 1987)). 
In this model calculation we have assumed the interaction 
of the electron to be non-relativistic. We have seen that the 
physical effects of transmission, reflection, and trapping did 
not get washed out as we moved from the spatially-Independent 
to the spatially dependent case. If the electron is taken to 
be relativistic then, in sequence of importance, the 
relatlvistic correction to the Newton's law, magnetic force and 
radiation reaction force, being exerted on the electron in 
graser field are to be considered (see Appendix A). The 
inclusion of all these terms in the equation of motion (eq. 
(3)) will complete the classical treatment of the problem. 
However, we do not expect any new physics to arise as a result 
of the inclusion of the above three forces. In addition to the 
classical dynamics, it will also be an interesting idea to see 
the problem quantum mechanically (see Appendix B). 
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Appendix A 
f 1) The radiative reaction force (Fj,g^ jj) is expressed as: 
^rad = (2q2/3c^) d^v/dt^ ...(Al). 
An electron interacting with the oscillating field also starts 
oscillations with the frequency of the field. Therefore, the 
velocity of the electron Inside the gamma-ray laser field can 
be taken as v ^ ^ VQ COS wt. Thus Fj,g^jj becomes: 
^rad ^  2q^2 v^/Sc^ . . . (A2). 
v^ 10"^ Newton for v^ = 5.0 x 10 metres per second 
^ 3 X 10"® Newton for v^ = c/2. 
(iil The relativistic form of Newton's second law gives F^^^ -j^  
iC d(mv)/dt + d(mv /2c )/dt, on neglecting the higher terms of 
(v/c). Therefore, the relativistic correction (F^el^ *'° *'^ ® 
non-relativistic equation of motion is Srowv^  /2c , which is 
—R fi 
about 10 Newton for v^ = 5.0 x 10 metres per second and 
—R 
about 10 Newton for a relativistic electron. 
fiii) Fmag/^rel = (qvQE/c)/(3mwvQ3/2c2) 
For graser parameters this ratio is about 38 for v^ = 5.0 x 10^ 
metres per second and about 3.2 x 10~^ for v^ = c/2. 
2 /•o— ,, 2 L^i^ a F^^ag/Frad = 3Ec^/2q(o 
^ lO"'-^  
11 
(v^  The ponderomotive potential (diBCusaed in Appendix B) is 
very small (v/»10 Volts) as compared to electric potential (v/^lO 
Volts) in the case of grasers. Hence the effect of 
ponderomotive force on the electron can be neglected in our 
calculation. 
Appendix B 
The object of this Appendix is to discuss the quantum 
mechanical behaviour of a charge particle, specifically an 
electron, in the electromagnetic field of a laser. According 
to the dipole approximation, requiring the radiation field 
wavelength to be larger than the electron mean free path, the 
lasei* beam can be represented by a classical plane 
electromagnetic wave, Tlie time-dependent Schrodlnger equation 
for an electron Interacting with a vector potential A is 
{ifib/ht - H)ip{r,t) = 0 ...(Bl) 
where y(r,t) is the wave function corresponding to the 
Hamiltonian operator, given by H = [P 4- (q/c) A(r,t)]^/2m. 
Here P is the momentTim operator. If we take A(r,t) as the 
potential applied by the laser beam expressed as A{r,t) = (c/w) 
E cos (io t - k.r), then eq. (Bl) becomes: 
{i-h^/"St-[(p2/2m) + (q2E2/4m6J^)] + (q/mtO) cos (tit-k.r) E.P + 
{q^E2/4mcc?) cos 2(60t-:^ .r)} y (r,t) = 0 ...(B2) 
In general the electric field strength E changes slowly 
over the electron wavelength and the laser wavelength is large 
13 
compared to the electron wavelength. The last terms in eq. 
(B2) oscillate on the laser's time scale which is small 
compared to the electronic time scale. Their average effects 
thus being small, the remaining term <i^E^/4mi£r, commonly known 
as "ponderomotive potential", governs the electron's motion 
(Mittleman 1982), This is very small except for high-power 
long-wavelength lasers focused into a small cross section and 
alters the kinetic energy of the electron to a lower value 
inside the laser field. Scientists at Bell Labs, have been 
performing experiments for observing the effect of the 
ponderomotive force of a strong laser field on the 
photoelectrons produced in an above-threshold ionization 
process. (Bucksbaum et al. 1987a, i987b and Freeman et al. 
1986). 
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Figure Captiona 
Figure 1: A graoer beam and Incoming particle. 
Figure 2: The oscillatory motion of an electron inside the 
spatially independent graser beam (^  = 0 radians). 
The ordinate x^^^ is the Increment in the position 
of the electron in the graser field, i.e., x(t) = x^  
+ ^ inc-
Figure 3: Tlie oscillatory motion of an electron inside the 
spatially Independent graser field (<}) =1^/2 radians) 
Figure 4: The oscillatory motion of an electron in the graser 
beam {^ = 0 radians) field. 
Figure 5: The reflectory motion of an electron in the graser 
beam (^  = f/2 radians). 
Figure 6: Tlie oscillatory motion of an electron in the graser 
beam (^  = f/2 radians). 
Figure 7: Tlie translational motion of an electron Inside the 
graser beam {f = 7^ /2 radians). 
Figure 8: Tlie transit time (T) versus initial velocity. 
Curve 1 is for the dynamical motion of the' particle 
in the graser beam. Curve 2 is for purely 
kinematical motion (T = 2R/VQ). 
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Abstract 
In this review article we briefly present the current 
thrust of ganuna-ray laser research. We discuss the major 
proposals of developing such lasers based on nuclear 
transitions and electron and positron beams. 
1. Introduction 
After the development of the first ruby laser in 1960, 
various kinds of solid, liquid and gaseous active media have 
extended the wavelength region of lasers from far infrared 
to x-rays^'^. The shortest wavelength achieved so far is 
about 4.5 nm in transitions in highly ionized atoms. The 
generation of coherent radiations in the even shorter-
wavelength gamma-ray region has now become a major 
scientific and technological challenge. It has been 
speculated that, in principle, lasing action can be achieved 
at all wavelengths larger than 1 pro. Beyond this limit, 
stimulated emission is strongly suppressed by spontaneous 
emission. 
Gamma-ray lasers (grasers), visualised to produce 10 to 
100 KeV photons, were first speculated in 1962 . They would 
be a source of energy providing coherent radiations with 
high directionality and high power (as high as 10^ 
Watts/litre of the active medium ' °). Their high power may 
lead to numerous applications in defense, macro-engineering, 
space-ship poropulsion, and getting rid of junk in near-
earth and geo-synchronous orbits. Short-wavelength 
applications of graser beams can be foreseen in molecular 
holography, isotope separation, accelerators, and vacuum 
pumps. Moreover, the high directionality of such beams may 
be useful in detecting gravitational waves^, determining 
3 
crystal R-tructure^^, non-linear optics, and also in defense. 
The interaction of gamma-ray laser beam with matter may lead 
to some interesting phenomena. For example, electrons may 
either be reflected, transmitted or trapped in the graser 
beam . 
An exhaustive but somewhat old survey of the field can 
be found in reference 4 and a detailed recent review in 
reference 6. In this article we attempt to present a 
condensed description of the principal features of proposed 
gamma-ray lasers. In Section 2, the different approaches 
for the development of gamma-ray lasers based on nuclear 
transitions are discussed. Section 3 deals with the gamma-
ray laser proposals based on electron and positron beams. 
2. Features of Nuclear n«i)ntn«-RaY }.f*f^*^rr\ 
In atoms, the lifetimes of very highly excited levels 
are in femLoaeconds or less. Moreover, the high pumping 
power needed for achieving population inversion in such 
levels broadens the excited states, leadlnH to a farther 
decrement in their lifetimes. Hence, it is unlikely that 
population inversion can be achieved in such short-lived 
atomic excited states. But in the case of nuclear levels 
the existence of long-lived excited states, known as 
isomeric states, enables population inversion with a lower 
Lf 
pumping power density. 
However. nuclear transitions have problems of their 
own. For amplification of radiation, it is necessary that 
the photon being released by the deexciation of a pumped 
emitter should induce another neighbouring emitter. But in 
nuclear case, the recoil of the emitter disables the emitted 
pliotori to 'ixclto nol P.hliourn . Tlii.'^  i ."! b'-;''• n u.^ '^ i. fnr p..'\mn\n 
rays, the recoil shift is much larger than the natural 
linewidth. Further, the dominant mechanism for transitions 
between two nuclear levels is not photon emission but rath'^r 
"the e.iection of an atomic electron (internal conversion). 
And the absorption of photons is dominated by electronic 
processes by a factor of 10 compared to nuclear 
excitations. Thus there would be an enormous -waste of 
pumping energy and hence we require the disposal of thl? 
energy without any improper heciting of the medium. 
The problem of recoil shift, as discussed above, may be 
overcome by exploiting the MoLisbantir effect which leads to 
certain restrictions with respect to tVie temperature of the 
medium and the energy of gamma-reiy. The possibility of 
absorbing the pumping radiation by atomic electrons and of 
the non-radiative decay of the nuclear levels may be avoided 
by using the Borrmann effect (the process of photon 
channeling by the scattering of highly monocliromatic and 
collimated x-radiations within a single crystal) which in 
analogy with Bragg reflections enhances the relative 
12 13 probability of photon emission . 
Fig. 1 shows the possible approaches to the development 
of gamma-ray lasers based on nuclear transitions. In the 
three-level approach shown in Fig. 1(a), the isomeric level 
(I) itself is explored to be an upper laser level lasing to 
the lower level (L). with G being the ground state. The 
activation, separation, concentration and crystallisation of 
isomeric nuclei needs a time longer than 10" s. But the 
Mossbauer effect is generally observed in the nuclear levels 
with lifetimes shorter than 10 s. Moreover, for short-
lived isomeric states the high pumping density of hard x-
radiations may overheat (or destroy) the Mossbauer and 
Borrmann effects of the solid host crystal. On the other 
hand, in case of long-lived isomeric states, the non-
radiative decay processes become so prominent that it io 
difficult to achieve a gain. 
This dilemma may be resolved by exploring a two-step 
method shown in Figs. K b ) and 1(c). In a four-level 
approach (Fig. Kb)) the population is first stored in a 
long-lived isomeric level (I) of an active nucleus having 
another short-lived level (T) near to this isomeric level. 
Such a storage level is implanted in the solid crystal, 
whose properties support the Mossbauer and Borrmann effects; 
then this medium is cooled. This first step can be 
performed with the help of slow excitation processes. In 
the second pumping step the population is transferred to the 
level T that can lase to a lower laser level (L). In this 
case a lower pumping power (as compared to the approach 
shown in Fig. 1(a)) is required. Such excitations may be 
obtained tlirough x-ray photons. But x-ray pumping causes 
broadening of the Mossbauer line. Moreover, the non-
resonant absorption of the presently available broad x-ray 
sources may overheat the crystal to destroy the Mossbauer 
and Borrmann effects. This problem may be overcome by using 
a five-level approach (Fig. 1(c)). In this case. the 
transfer lovol (near to tlie laoiii^ rlc level) is not taken na 
a lasing level. Instead, the transfer level populates 
another upp>er laser level (U) through a c£tscade ol 
intermediate levels. 
The second step of transferring the population from the 
storage level (I) to the nearby level (T) may be 
accomplished through optical ' ^^ or through electronic 
excitations ' ^ of the nucleus. Optical excitation 
calculations show that for cascading a sufficient amount of 
flux to tliQ upper laser level a thresliold fluence of 100 
2 • 7 
300 J/cm is required for a gamma-ray lasing transition 
14 17 
' . In order to support the Mossbauer and Borrmann 
effects, overheating of the material caused by such high 
powers may be avoided by embedding the nuclei in light 
ferromagnetic substances. The electronic excitation of the 
1 
transfer level may be accomplished through the interaction 
of atomic electrons with the nucleus in the presence of a 
strong laser field^^. Following this idea. scientists at 
Los Alamos National Laboratory (LAND. USA. have been 
235 performing experiments on 73 eV low-level excitation of^"^ U 
with a 5 eV laser of flux 7 x 10^^ Watts/cm^. 
In addition to the exploration of the choice between 
the optical and electronic excitation mechanisms, developers 
of grasers are also confronted with the problem of selecting 
suitable nuclear candidates. The essential feature of two-
step pumping mechanism is to transfer the population from a 
storage isomeric nuclear level to a nearby short-lived 
level. This population can then enrich an upper laser 
level. Despite of some low-energy nuclear gamma-ray 
compilations ' , no laser-grade data-base exists yet and 
highly precise experiments need to be performed for the 
determination of nuclear properties. Scientists at LANL 
have predicted some isomeric states (life-time > 5 s) with 
short-lived levels within an energy range of 10 KeV in 
1 B 
different nuclides . Their studies also indicate the odd-
odd nuclei among the rare-earths to be a fruitful region for 
searching for viable gamma-ray laser candidates. 
Scientists at the University of Texas at Dallas have 
selected a slate of 29 proposed gamma-ray laser candidales 
and are examining them on an x-ray flash lamp delivering 
8 
high peak powers of hard x-rays at high repetition rate. 
Recently they have successfully demonstrated tlie pumping of 
180q.g isomer ^ ^' ^^' ^^, which is not necoaaariiy a gtjmmo 
ray laser candidate. The results with ^^ '^ Ta show a large 
increase (by two orders of magnitude) in cross-section for 
yielding the upper laser level over the other isomers, 
via. ^^^Cd, ^^^In. and '^ '^ Se and '^^Br. Such a success 
with^ Ta isomer may lead to significant implications for 
future experiments for searching a real material. 
A group at Lawrence Livermore National Laboratory has 
pointed out certain shape isomers, whose deformed nuclear 
shape, different from the shape of the ground state. 
exhibits an unusual stability in light actinide region 
01 
. In such isomers the dominant transition mechanism 
between the two laser levels is gamma-ray decay. 
3J Gamma-Ray Laser Proposals Based on Electron and Positron 
In this .-jocti on. the proposals which do not require any 
active medium are discussed. These are (i) inverse Compton 
effect from interfering laser beams, (ii) induced decay of 
positronium atoms and fiii) annihilation of relativistic 
electron and positron beams. 
In analogy with the development of free-electron 
lasers, an inverse Compton scattering of high energetic 
electrons with laser beams may lead to the generation of 
coherent gamma-rays. This idea has already been explored in 
generating monochromatic and polarized gamma-rays through 
24 the scattering of a laser beam with an electron beam 
Bertolotti and Sibilia^^ have indicated the possibility of 
generation of coherent gamma-rays through the interaction of 
a relativistic electron beam with the photons in an 
interference geometry (Fig. 2). The photons interacting 
with the energetic electrons in the interfering region of 
two laser beams of nearly equal frequencies are scattered 
with a larger probability than the case in which scattering 
from a single laser beam is considered. It has been shown 
that under particular angular conditions, the more energetic 
photons backscattered in the direction of either of the two 
incoming laser beams constitute a coherent source of gamma-
rays. As the scattering of the photons in a periodic 
interfering fringe pattern is a coherent process (similar to 
Bragg scattering), the backscattered photons may add in 
phase. Therefore the total intensity becomes proportional 
to N , where N is the total number of fringes that a photon 
crosses. This arrangement needs a highly energetic electron 
beam of about 1500 MeV, which is not yet available. 
The induced decay of positronium atoms by collision 
with a photon has also been proposed for constructing a 
27 gamma-ray laser The para-positronium atoms (the singlet 
10 
bound state of electron-positron pair d'=»cnying in about 
10"^^ 3) decay with two photons. It has been shown that at 
inducing photon wavelengths of about V^/2 ( "v>^, is the 
Compton's wavelength), i.e.. of about 1 pm, the para-
positronium atom annihilates into two photons of same 
wavelength as that of the inducing photon. At such 
wavelengths there exists the possibility of developing a 
gamma-ray laser in a dense assembly of positr.onium atoms 
immersed in a black body radiation field at high 
temperatures . Loeb and Elizer have also mentioned the 
possiblity of the production of coherent amplification of 
gamma-radiations in a dense (density > 10 pairs per cm ) 
and cold (T < 10^ * ° K) electron-positron plasma. 
In analogy to the pinch effect, the force of attracLion 
inside two counterstreaming high electric currents of 
relativistic electron and positron beams (of equal energy 
and intensity) may also lead to a shrinkage of the electron-
positron plasma diameter. Since the annihilation cross-
section in relativistic electron-positron plasma is greatly 
reduced. therefore. the time needed for annihilation is 
much larger in comparison to the time required for 
collapsing the pinch of initial plasma radius to ultrahigh 
plasma densities (of about 10^ electron-positron plasma 
pairs per cm"^ ) . Such high densities are achieved as a 
result of the larger energy losses in the elctron-positron 
plasma through the emission of synchrotron radiations than 
the gain by collisions between the relativistic particles. 
11 
This effect is known as "superpinch" (Fig. 3). To exploit 
this idea for a gamma-ray laser. Winterberg'^'^ has shown that 
for collapsing the two relativistic" electron and positron 
beams of size 1 cm to 10 cm the electron-positron plasma 
would have to be established by the collision of two 1.7 x 
10 Amperes, 70 MeV electron and positron beams. Such beams 
are not available with present technology. 
4• Concluaion 
The conventional funding of gamma-ray laser research 
has come from defense sources. However, grasers are 
expected to have at least as startling peaceful applications 
as can be envisaged in defense. Therefore there is a need 
for non-defense funding agencies to provide financial 
support to this exciting interdisciplinary subject. 
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Fig. 1: Three approaches to a nuclear gamma-ray laser. The 
single arrow(s) represent pumping, the double arrow 
represents a cascading transition, and the wavy 
line denotes the gamma-ray lasing transition. 
Fig. 2: Geometry for the production of coherent gamma-rays 
(Reference 25). 
Fig. 3: Coherent gamma-rays from electron-positron plasma 
superpinch (Reference 26). 
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